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PREFACE. 

THIS  book  has  been  written  with  the  object  of  placing  in 
a  concise  manner,  before  engineers  and  students,  the  thermo- 
dynamic  principles  underlying  the  design  of  various  forms  of 
heat  engines.  With  this  object  in  view,  no  detailed  descrip- 
tion of  the  mechanisms  of  the  various  types  referred  to  has 
been  attempted  except  in  so  far  as  has  been  necessary,  to 
explain  the  theoretical  principles  involved.  To  render  the 
book  of  more  use  to  students,  a  number  of  examples  have 
been  added  as  an  Appendix. 

The  calculation  of  heat  quantities  by  means  of  the  tem- 
perature-entropy diagram  has  been  purposely  avoided  through- 
out, as  it  has  been  thought  better,  for  the  sake  of  uniformity, 
to  treat  every  type  from  the  pressure-volume  point  of  view 
only. 

I  desire  to  take  this  opportunity  of  acknowledging  my 
indebtedness  to  Professor  S.  Dunkerley,  now  of  Manchester 
University,  for  much  information  and  kindly  help — both 
formerly  when  his  pupil,  and  also  more  recently  while  his 
assistant  at  the  Koyal  Naval  College,  Greenwich. 

L.  M.  HOBBS. 

GREENWICH,  December  1906. 
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CHAPTEK  I. 

LAWS  AND  PRINCIPLES  OF  THERMO- 
DYNAMICS. 

§  1.  First  and  Second  Laws  of  Thermo -dynamics. — 

Thermo-dynamics  includes  the  consideration  of  the  relations 
between  the  quantity  of  heat  supplied  to  given  substances 
and  the  amount  of  mechanical  work  that  can  be  obtained 
from  them  in  return. 

The  present  chapter  will  be  devoted  to  considering  some 
of  the  principal  laws  that  govern  the  changes  of  heat  into 
mechanic  energy,  and  vice  versd ;  a  full  appreciation  of  these 
laws  being  required  for  the  proper  study  of  the  subject. 

There  are  two  principal  laws  of  thermo-dynarnics  justified 
by  observation  and  experience ;  they  may  be  stated  as 
follows: — 

First  Law  of  Thermo-dynamics. — Heat  and  mechanical 
energy  are  mutually  convertible.  In  other  words,  whenever 
work  is  performed  by  the  agency  of  heat,  an  amount  of  heat 
disappears  equivalent  to  the  work  done ;  and  conversely, 
whenever  mechanical  work  is  employed  in  generating  heat, 
the  heat  generated  is  equivalent  to  the  work  performed. 

Second  Law  of  Tliermo-dynamics. — It  is  impossible  for  a  self- 
acting  'machine,  unaided  by  external  energy,  to  convey  heat  from 
one  body  to  another  at  a  higher  temperature.  This  law  is  some- 
times  stated  in  a  rather  different  form;  but  the  above  statement, 
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due  to  Clausius,  contains  the  principle  involved,  and  will  be 
sufficient  for  the  purposes  of  this  book. 

§  2.  Consideration  of  the  First  Law. — It  is  found 
experimentally  that  heat  produces  by  its  disappearance — 
and  requires  for  its  production — mechanical  energy  equi- 
valent to  774*  foot-lbs.  of  work  for  each  thermal  unit  so 
lost  or  produced,  the  latter  being  defined  as  the  amount  of 
heat  necessary  to  raise  1  Ib.  of  water  at  about  39°  F.  through 
one  degree  on  the  Fahrenheit  scale.  The  First  Law  states, 
therefore,  that  if  a  body  receives  an  amount  of  heat  from 
any  source  equal  to  H  thermal  units,  the  exact  mechanical 
work  equivalent  to  this  is  J  x  H  foot-lbs.  where  J  =  774,  and 
is  known  as  Joule's  equivalent,  or,  more  shortly,  as  "  the 
Joule."  It  states  no  more  than  that  J  x  H  is  the  amount  of 
work  that  can  be  got  out  of  the  substance  if  there  are  no 
losses. 

Now,  in  doing  work,  a  substance  undergoes  some  cycle  of 
energy  changes,  and  if  the  cycle  be  a  complete  one,  the 
substance  eventually  returns  to  its  initial  state.  Its  stock 
of  energy  is  then  precisely  the  same  as  at  first,  so  that  what- 
ever heat  has  been  received,  none  of  it  remains  in  the  body. 
But  work  will  have  been  done  at  the  expense  of  the  heat 
received,  and  the  First  Law  merely  states  that  the  work 
done  is  exactly  equal  to  the  heat  received  if  the  efficiency 
be  unity. 

§  3.  Efficiency. — By  efficiency  we  therefore  mean  the 
ratio  of  the  actual  work  done  to  the  heat  supplied. 

Thus  in  nearly  every  form  of  thermal  engine  mechanical 
work  is  obtained  by  means  of  the  force  of  the  expansion  of 
an  elastic  fluid,  acting  usually  on  a  piston  travelling  in  a 
cylinder.  Heat  is  originally  supplied  to  the  elastic  fluid  to 
cause  the  expansion,  and  of  this  heat  part  is  lost  by  con- 
duction to  the  containing  walls,  and  another  part  is  carried 
away  when  the  fluid  escapes  to  the  air  or  condenser  at  the 
end  of  the  stroke  of  the  piston,  but  a  third  part  has  dis- 
appeared altogether  as  heat.  This  third  portion  is  the  exact 
equivalent  of  the  work  done  by  the  elastic  fluid  in  driving 

*  Joule  has  given  this  value  as  772  foot-lbs.,  and  more  recently  it  has  been 
shown  to  be  778  foot-lbs. ;  but  the  above  value  is  given  by  Regnault,  and  since 
the  steam  tables  in  general  use  were  compiled  by  him  and  involve  this  con- 
stant, it  is  evident  the  value  774  is  the  one  to  take,  and  it  will  be  used,  there- 
fore, throughout  this  book. 
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the  piston.  It  is  the  ratio  of  this  third  portion  (which  is 
converted  into  actual  useful  work)  to  the  heat  originally 
supplied  to  the  fluid  which  is  a  measure  of  the  efficiency  of 
an  engine. 

We  must  bring  the  substance  back  to  its  initial  state  to 
discuss  the  question  of  its  efficiency ;  for  though  we  can  go 
from  one  state  to  another  and  find  the  heat  received  and 
work  done  during  the  change,  we  cannot  talk  of  the  efficiency, 
because  part  of  the  heat  received  has  gone  to  increase  the 
stock  of  internal  energy  of  the  substance,  and  is,  therefore, 
still  available. 

In  practice,  the  working  fluids  used  in  engines  always  pass 
through  a  closed  heat  cycle,  and  eventually  come  back  to  their 
original  condition  ready  to  repeat  the  cycle  again ;  as,  for 
instance,  the  steam  in  a  steam-engine  cylinder.  It  starts  as 
cold  water  on  entering  the  boiler,  is  there  converted  into 
steam,  is  used  in  the  engine  as  such,  and  finally  becomes 
condensed  to  water  again  in  the  condenser  ready  to  be 
pumped  back  into  the  boiler  once  more. 

The  actual  thermal  efficiency  of  engines  is  always  small — 
not  greater  than  20  per  cent,  for  a  steam-engine,  30  to  35 
per  cent,  for  a  gas  or  oil  engine,  and  40  per  cent,  for  an  air- 
engine,  though  the  last  is  never  realised  for  mechanical 
reasons. 

What,  then,  has  become  of  the  remainder  of  the  heat 
originally  supplied  to  the  working  fluid  ?  It  is  not  in  the 
substance,  for  that  is  assumed  to  be  again  in  its  initial  state. 
It  must  have  been  imparted  to  outside  objects,  as  the 
cylinder,  condenser,  etc.,  for  example.  We  thus  have  to 
measure  three  things  in  any  cycle  of  operations,  viz. :  heat 
received,  heat  converted  into  useful  work  (i.e  work  done), 
and  heat  rejected  or  lost. 

We  can  represent  these  very  simply  graphically. 

§  4  Graphical  Representation  of  Heat  Quantities. — 
Suppose  we  have  a  substance  initially  in  a  state  A  so  that 
its  pressure  is  represented  by  AE  and  its  volume  by  OE, 
and  suppose  heat  to  be  supplied  to  the  substance  so  that 
it  expands  in  some  manner  till  it  reaches  the  state  B.  Then 
the  work  done  during  the  operation  AB  by  the  expanding 
substance  is  obviously  the  area  ABFE  in  fig.  1.  Now  draw 
through  the  points  A  and  B  adiabatic*  curves,  which  will 

*  An  "  adiabatic  curve  "  of  expansion  or  compression  is  the  curve  connecting 
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eventually  touch  the  axis  of  volumes  at  infinity.  Let  these 
be  AM  and  BN.  Draw  CDG  through  any  point  C  on  the 
curve  BN,  vertically  to  OG.  Then  we  can  look  on  ABCD 
as  an  indicator  card,  and  the  substance  will  come  back  to 
its  initial  state  A,  after  having  performed  the  operations 
AB,  BC,  CD,  and  DA.  Now,  during  AB  heat  has  been 
received  by  supposition.  During  BC  no  heat  is  received 
since  it  is  an  adiabatic  curve,  and  similarly  during  DA,  nor 
is  any  heat  rejected.  Hence  since  the  substance  returns  to 
its  initial  state  A,  heat  can  only  have  been  rejected  during 
CD.  But  external  work  has  been  done,  measured,  as  has 


FIG.  l. 

just  been  seen  by  the  area  ABCD.  Hence  the  heat  rejected 
during  CD  must  be  the  difference  between  the  heat  received 
during  AB  and  the  work  measured  by  ABCD.  If  we  take 
the  point  C  nearer  N,  more  work  will  be  done  (since  the 
area  ABCD  will  increase)  for  the  same  heat  received ;  and 
finally,  if  the  point  C  be  at  an  infinite  distance  along  the 
curve  BN,  the  points  C  and  D  will  coincide-  and  no  heat  at 
all  will  be  rejected.  The  area  ABNM  when  N  and  M  are 
at  infinity  will  represent,  therefore,  the  whole  of  the  heat 
received  during  AB.  We  have  thus  obtained  an  area  ABFE 
to  represent  the  work  done  during  any  operation  as  AB, 

the  pressures  and  volumes  of  a  gas  when  a  constant  quantity  of  it  is  being 
expanded  or  compressed  in  a  non-conducting  cylinder  without  receiving  heat 
from,  or  imparting  heat  to,  any  external  objects. 
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and  an  area  ABNM  to  represent  the  heat  received  during 
the  same  operation.     Therefore  :  — 

Heat  received  —  Work  done  during  any  such  operation 
-area  MABN  -area  ABFE 
=  area  MKBN  -area  AKFE 
=  area  NBFX  -area  MAEX. 

This  difference  is  independent  of  the  path  AB,  so  that 
when  a  substance  passes  from  a  state  A  to  another  state  B, 
the  difference  between  the  total  heat  received  and  the 
external  work  done  depends  purely  and  simply  on  its  initial 
and  final  states. 

Now  the  area  MAEX  represents  the  amount  of  work 
that  could  be  got  out  of  the  substance  at  state  A  if  it  were 
expanded  adiabatically  to  zero  pressure,  and  is  called  the 
intrinsic  energy  of  the  substance  at  state  A.  So  also  the 
area  NBFX  represents  the  intrinsic  energy  of  the  substance. 
at  the  state  B. 

Therefore  we  have  :  — 

Heat  received  —  Work  done  = 

Increase  or  decrease  of  intrinsic  energy. 

If  the  substance  pass  through  a  complete  cycle  of  opera- 
tions, coming  back  to  the  state  A,  as  in  fig.  IA,  heat  is 
rejected  during  ADB  measured  by  the  area  MADBN  ;  and 
work  is  done,  represented  by  the  shaded  area  ACBD.  Since 
the  substance  returns  to  its  original  state  A,  it  has  the 
same  intrinsic  energy  finally  as  before,  and  has  therefore 
merely  been  an  agent  for  converting  heat  into  useful  work. 
The  efficiency  (rj)  is  then  given  by 

area  ABCD 


and  the  heat  rejected,  represented  by  MADBN,  is  lost. 

Why  has  this  heat  to  be  rejected  ?  Even  if  our  mechanical 
appliances  will  not  permit  of  our  converting  more  than  a 
certain  proportion  of  the  heat  received  into  work,  why 
cannot  we  make  this  heat  rejected  flow  back  into  the 
substance  and  so  save  it  ?  For  the  reason  that  heat  will  not 
of  its  own  accord  flow  from  a  lower  to  a  higher  temperature, 
which  is  the  Second  Law  of  thermo-dynamics.  This  law, 
therefore,  imposes  a  limit  on  the  application  of  the  First 
Law. 
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Consider  the  useful  work  area  A  BCD  in  fig.  IA.  Suppose 
we  draw  an  isothermal*  curve  corresponding  to  the  lowest 
temperature  we  have  available.  Let  TT'  be  this  isothermal 
curve.  Then  we  can  increase  our  indicator  card  ABCD  by 
extending  it  to  ABT'T  ;  but  this  is  the  maximum  amount  of 
work  that  we  can  get  from  the  heat  received  during  AB,  for 
even  if  we  form  an  artificially  lower  temperature  and  so  get 
an  isothermal  SS',  and  an  increase  of  useful  work  measured 
by  TT'S'S,  we  should  have  first  to  produce  this  artificial 
lower  temperature,  and  in  producing  it  would  have  to  do 
more  work  than  we  should  get  back  from  our  engine  by 


A^C 


FIG.  IA. 

having  produced  it.  Thus  in  a  steam-engine  we  should  not 
reject  heat  to  the  condenser  circulating  water,  but  cause  it 
to  flow  back  into  the  boiler,  were  it  not  that  more  energy 
would  be  required  to  pump  the  heat  back  than  would  be 
obtained  from  it  when  there. 

§  5.  Consideration  of  Second  Law. — The  Second  Law 
of  thermo-dynamics  was  originally  propounded  by  Carnot. 
He  inferred  that  the  efficiency  of  a  perfect  engine  depended 
solely  on  the  temperatures  between  which  it  worked,  and 
that  it  was  independent  of  the  nature  of  the  substance  used 
as  the  heat  conveyer.  He  arrived  at  this  conclusion  by 
establishing  the  important  principle  that  all  completely 

*  An  "  isothermal  curve  "  of  expansion  or  compression  is  the  curve  connecting 
the  pressures  and  volumes  of  a  gas  when  a  constant  weight  of  it  is  expanded 
or  compressed  at  constant  temperature. 
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reversible  engines  working  between  the  same  upper  and 
lower  limits  of  temperature  (i.e.  with  the  same  source  of  heat 
and  refrigerator)  have  the  same  efficiency,  no  matter  what 
the  substance  employed.  He  defined  a  perfectly  reversible 
engine  as  being  one  that,  whatever  amount  of  mechanical 
energy  it  can  derive  from  a  certain  thermal  agency,  if  an  equal 
amount  be  spent  in  working  it  backwards  an  equal  reverse 
thermal  effect  will  be  produced.  The  proof  of  his  principle  is, 
roughly,  as  follows : — Suppose  there  are  two  heat  engines,  viz. : 
A  of  any  kind  whatever,  and  B  a  perfectly  reversible  engine. 
Let  them  be  designed  to  draw  the  same  quantity  of  heat  from 
the  source  of  heat  supply  when  they  are  both  working  for- 
wards. Suppose  B  be  reversed  and  driven  backwards  by  A,  if 
possible.  Then  B  rejects  Q  units  of  heat,  say,  into  the  hot 
body  and  A  receives  Q  units  from  the  hot  body,  and  there  is 
no  transfer  of  heat  from  the  heat  source.  If  the  efficiency 
of  A  is  greater  than  that  of  B  working  forwards,  then  UA  is 
greater  than  UB,  where  UA  and  UB  represent  the  useful  work 
done  by  A  and  B  respectively.  Hence  the  external  work 
(UA  — UB)  is  done  by  the  combination,  and  this  heat  trans- 
formed into  work  must  be  assumed  to  be  derived  from  the 
cold  body.  This  process  might  be  continued  until  all  the 
heat  of  the  cold  body  or  refrigerator  is  transformed  into 
work.  Since  this  is  impossible,  it  is  evident  the  efficiency  of 
A  cannot  be  greater  than  that  of  B.  Hence  the  efficiency  of 
a  reversible  engine  within  given  limits  of  temperature  is 
the  maximum  possible,  and  therefore  all  reversible  engines 
working  between  the  same  limits  of  temperature  have  the 
same  efficiency. 

Carnot  therefore  arrived  at  the  conclusion  that  the 
efficiency  depended  solely  on  the  linear  difference  of  tem- 
peratures between  which  a  perfect  engine  worked — that  is 

useful  work  done     U     /T      ^  .^ 
n= -—-        —. — _ -  =  _  =  (11— I2)x  a  constant, 
heat  received        Q 

where  Tl  and  T2  are  temperatures  measured  on  some  scale. 

Hence  the  //  increases  as  T2  decreases,  and  has  its  maximum 
value,  unity,  when  T2  =  0. 

Then  the  constant  =  —,  so  that 
*I 

T  — T 

Efficiency  of  a  perfectly  reversible  engine  =  -!— — 2. 
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We  see,  therefore,  that  the  temperature  is  measured  from 
a  point  where  the  substance  has  no  temperature  and  is 
absolutely  deprived  of  heat.  This  point  is  generally  known 
as  the  dynamical  zero,  for,  could  such  a  low  temperature  be 
reached,  all  molecular  motion  would  cease. 

§  6.  The  Dynamical  Zero  of  Temperature.—  Let  us 
consider  this  dynamical  .zero  of  temperature  more  fully,  and 
see  how  we  can  infer  its  position  relative  to  the  thermometric 
scales  in  common  use.  We  have  seen  that  at  this  zero  point 
the  substance  will  have  no  heat  whatever.  Let  Q1  and  Q2  be 
the  quantities  of  heat  received  by  a  substance  at  states  1  and 
2.  Then  if  the  state  2  represent  the  dynamical  zero,  we  shall 
haveQ2  =  0. 

Now  by  the  First  Law  of  thermo-dynamics  the  efficiency 
of  an  engine  is  given  by 

,-  V      .       .       .       .    (1) 

^1 

and  by  the  Second  Law  it  can  be  stated  that 

rj  =  a  function  of  T:  and  T2  .         .         .     (2) 
T,)         .....     (3) 


Now  the  heat  received  by  the  working  substance  in  an 
engine  depends  on  four  things  —  its  temperature  (T),  its 
pressure  (p),  its  volume  (v),  and  the  nature  of  the  substance 
itself  (n). 

•'•     Qi  = 


Q2 

where  VK^i)  and  \^(T2)  represent  functions  of  Tx  and  T2.  This 
follows  from  equation  (3),  since  the  ratio  of  Qx  to  Q2  depends 
only  on  temperature. 

If  Q2  =  0,  then  T2  =  0,  and  all  the  heat  is  converted  into 
work.  As  one  cannot  conceive  more  heat  being  converted 
into  work  than  is  received,  under  no  conditions  can  T2  be 
negative.  We  thus  get  an  idea  of  an  absolute  zero  of 
temperature,  independent  of  the  substance,  and  corresponding 
to  an  absolute  deprivation  of  heat. 

To  infer  the  position  of  this  absolute  zero  relative  to  a 
known  thermometric  scale,  say  the  Fahrenheit  scale,  con- 
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sider  the  expansion  of  a  perfect  gas,  expanding  according  to 
the  law 

pv  =  tx  constant 

between  pressures  pl  and  p2  and  volumes  v1  and  vz,  t  being 
measured  on  the  scale  of  a  perfect  gas  thermometer. 
Then  the  efficiency  of  the  expansion  is  given  by 


Qi-  _Q2 
Qi 


Q 


Hence 


7 


that  is,  our  dynamical  zero  is  the  same  as  that  of  a  perfect 
gas  thermometer. 

By  experiment  it  is  found  that  if  heat  be  extracted  from 
a  gas  at  constant  pressure,  its  volume  de-  V 

creases  proportionally  to  the  decrease  of 
temperature.  If  we  could  go  on  far  enough 
the  volume  would  vanish  altogether.  For  a 
gas  such  as  air  it  is  found  that  the  volume  • 
decreases  -4^  part  for  every  degree  Fahren- 
heit of  decrease  of  temperature.  Hence  if 
the  volume  of  a  gas  be  represented  by  493  at 
32°  F,  then 

at  31°  F.  its  volume  will  be  492, 

at    0°F.         „  „         461, 

and  at- 461°  F.  0. 

In  practice,  a  gas  would  change  its 
physical  state  before  reaching  so  low  a  temperature;  but 
since  gases  behave  nearly  as  a  perfect  gas  until  this  change 
of  state  is  arrived  at,  we  can  call  this  zero  (  —  461°  F.) 
approximately  the  zero  of  our  perfect  gas  thermometer, 
and,  therefore,  also  the  absolute  dynamical  zero. 

§  7.  Laws  relating  to  the  Expansion  of  Gases. — In 
the  last  paragraph  it  was  stated  that  a  perfect  gas  expands 
according  to  the  law 

pv  =  Ct. 

This  statement  is  based  on  two  laws,  known  as  Charles'  Law 
and  Boyle 's  Law. 
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Charles'  Law  states  that,  under  constant  pressure,  equal 
volumes  of  different  gases  increase  equally  for  a  similar 
increment  of  temperature. 

Boyle's  Law  is  the  statement  that  if  the  temperature  of  a 
permanent  gas  remains  constant,  and  the  pressure  and 
volume  be  varied,  the  product  of  the  pressure  and  the 
volume  at  any  instant  is  a  constant  quantity  for  any  given 
mass  of  the  gas. 

Hence  pv  =  const,  when  T  is  constant. 

Also  by  Charles'  Law^?a  =  T  when  v  is  constant. 

Combining  these  expressions, 

pv  =  CT 

where  C  is  a  constant,  and  T  is  measured  on  the  scale  of  the 
gas  thermometer  —  that  is,  from  the  absolute  zero  of  §  6. 

C  has  the  value  53-2  for  air,  and  85  '5  for  superheated 
steam,  when  p  x  v  is  measured  in  foot-lbs. 

Another  important  law  is  Regnault's  Law,  which  states 
that  the  specific  heat  of  a  gas  at  constant  pressure  is  the 
same  for  all  temperatures. 

If  the  specific  heat  of  a  gas  at  constant  pressure  be 
denoted  by  Kp  per  Ib.  — 

K  =  183'4  in  foot-lbs.  for  air; 

=  373        „         „      for  superheated  steam. 

Now,  considering  the  expansion  of  a  perfect  gas  at 
constant  pressure  from  a  volume  v:  to  a  volume  v2,  evidently 
the  heat  expended  in  external  work=pl(v2  —  v1)  =  C(T2  —  Tx). 
But  the  total  expenditure  of  heat  corresponding  to  this 
work  is  equal  to  the  product  of  the  specific  heat  into  the 
rise  of  temperature.  Therefore 

Total  expenditure  of  heat  =  KP(T2  -  Tx)  ; 
hence,    Heat  expended  in  internal  work  =  (K  —  C)(T2  —  Tx). 

Now,  if  1  Ib.  of  gas  at  constant  volume  be  raised  in 
temperature  from  Tx  to  T2,  the  heat  absorbed  is  KV(T2  —  T1) 
where  K  is  the  specific  heat  per  Ib.  at  constant  volume. 
Since  no  external  work  is  done,  this  also  measures  the 
heat  required  for  internal  work  between  the  temperatures 
Tj  and  T2. 


K  =K  -0  =  183-4-  53-2  =  130-2  foot-lbs.  for  air. 
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Kv  can  be  obtained  theoretically.      It  can  be  shown  that 

K,, 


where  y  is  given  by 


v-     / 

V 


v  being  the  velocity  of  sound  in  the  gas,  d  the  density,  and 
p  the  pressure  of  the  gas.  Kr  has  also  been  found  experi- 
mentally by  Joly,  but  the  experimental  determination  is 
difficult.  For  air,  y  has  the  value  1*408.  In  general,  when 
a  gas  expands,  its  temperature  will  change  ;  but  Joule  showed 
that  if  a  perfect  gas  be  allowed  to  expand  without  doing  any 
external  work  and  without  receiving  heat,  its  temperature 
will  remain  constant. 

This  is  not  true  for  air,  as  its  temperature  falls  J°  C.  for 
every  drop  in  pressure  equivalent  to  one  atmosphere. 
Advantage  is  taken  of  this  in  some  refrigerating  machines 
to  obtain  a  very  low  temperature  by  the  free  expansion  of 
air  through  a  great  range  of  pressure. 

§  8.  Expansion  of  a  Perfect  Gas. — Before  proceeding  to 
discuss  the  actual  methods  by 
which  work  is   obtained  from  Press 
gases   in   heat-engines,  it  will 
be  advisable  to  consider  how  a 
perfect  gas  behaves  when  it  ex- 
pands, and  how  the  heat  re- 
ceived and  work  done  during 
the  expansion  may  be  calcu- 
lated. 

The  nature  of  the  expansion 
curve  depends  on  the  transfer 
of  heat  to  other  bodies ;  but  in 
general  such  expansion  curves 
can  be  represented  by  an  equa- 
tion of  the  form 


Vols. 


pvn  =  constant, 


FIG.  3. 


when  n  is  given  a  suitable  value. 

Let  1,  2,  in  fig.  3  be  such  a  curve  of  expansion. 


Then  the 
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external  work  done  during  expansion  from  1  to  2  is  given 
by  the  area  1,  2,  N,  M  =  E. 

The  internal  work  done  (I)  during  the  same  operation  is  = 


Suppose  1^  =  0.  Then  the  quantity  of  internal  work  done 
in  raising  the  gas  to  a  temperature  T2  from  absolute  zero  is 
equal  to  KVT2,  and  this  is  denned  as  the  intrinsic  or  internal 
energy  of  the  gas  at  the  state  T2. 

Now,  total  heat  expenditure  (Q)  from  external  sources 
during  the  expansion  1,  2,  is  given  by 

Q  =  I  +  E. 


for  G  =  KP-KV 

If  the  expansion  be  adiabatic,  Q  —  0  ; 


For  air  y  —  1-408,  and  for  steam  y=  1*135. 

If  the  expansion  be  isothermal,  Tl  =  T2,  and  hence  n  =  1  to 
make  Q  finite  at  all. 

Q  then  becomes  indefinite,  but  now  pv  =  constant. 


pdv=pv     —  = 

i  J  i  v 


where  r  is  the  ratio  of  expansion. 

.-.     Q  =  I  +  E  =  KV(T,  -  Tj)  +  CTX  loge  r  =  C^  loge  r 

for  this  case. 

The   temperature   need    not   necessarily   fall   during    ex- 
pansion, for 


During  expansion  E  is  necessarily  positive. 
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Hence  I  is  positive  so  long  as  n  is  less  than  1,  and  T2  is 
greater  than  Tl ;  that  is,  the  temperature  of  a  gas  increases 
during  expansion  if  n<\.  Correspondingly,  if  n  be  greater 
than  1,  then  also  T2  is  less  than  Ta;  i.e.  the  temperature  falls 
during  expansion. 

Evidently  when  n=l,  then  1  =  0,  and  T2  =  T1;  that  is,  the 
expansion  is  isothermal. 


CHAPTEE  II. 
HOT-AIR  ENGINES. 

§  9.  General  Considerations. — In  the  last  paragraph  of 
the  preceding  chapter  the  method  was  discussed  by  which 
the  work  done  by  a  perfect  gas  for  a  given  heat  supply  could 
be  calculated.  Practically  all  heat-engines  use  gases  or 
vapours,  whose  properties  approach  those  of  a  perfect  gas,  as 
the  means  of  converting  heat  into  useful  work.  The  working 
substance  receives  heat  from  the  heat  source,  expands  in  a 
cylinder  doing  work,  and  finally  rejects  any  heat  unused  into 
a  cold  body  or  condenser.  The  working  fluid  is  then  ready 
for  a  fresh  supply  of  heat  from  the  heat  source,  so  it  finally 
returns  to  the  same  state  in  which  it  started — that  is  to  say 
it  passes  through  a  closed  cycle  of  operations.  There  are  thus 
three  essentials  for  a  heat-engine:  (1)  a  hot  body;  (2)  a  cold 
body  ;  (3)  the  working  fluid. 

One  of  the  most  convenient  working  fluids  to  use  is  air, 
and  the  present  chapter  will  be  devoted  to  describing  some 
types  of  heat-engines  that  employ  this  gas  for  their  working 
substance.  In  different  engines  the  expansive  fluid  passes 
through  quite  different  cycles  of  operations.  It  is  intended 
here  to  consider  only  four  types  of  cycles  that  may  be 
adopted,  as,  if  the  methods  of  calculating  the  heat  accounts 
of  these  cycles  be  fully  appreciated,  the  reader  will  have  no 
difficulty  in  dealing  with  other  types  that  may  be  met  with. 

§  10.  Carnot's  Cycle  for  a  Heat-Engine. — Carnot  was 
the  first  to  suggest  a  cycle  for  the  working  fluid  of  a  heat- 
engine,  though,  owing  to  mechanical  difficulties,  no  actual 
engine  was  constructed  using  his  cycle  of  operations.  His 
proposed  cycle  was  as  follows : — Suppose  a  gas  is  in  the 

14 
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condition  p^  in  a  cylinder,  and  occupying  the  space  01'  in 
the  figure.  Apply  a  hot  body  A  to  it,  and  let  the  piston 
move  from  V  to  2'.  The  curve  of  expansion  of  the  gas  will 
then  be  12,  and  evidently  this  will  be  an  isothermal  curve 
of  expansion  at  the  temperature  of  the  hot  body,  as  A  is 
supposed  in  contact  with  the  gas  while  the  piston  is  travelling 
from  1'  to  2'.  When  the  piston  has  reached  the  point  2' 
suppose  A  removed,  and  then  the  gas  will  continue  to  expand 
adiabatically,  since  no  heat  is  being  received,  until  3'  is 
reached.  Now  apply  the  cold  body  B  and  let  the  piston 


FIG.  4.— Carnot's  Cycle. 

return,  compressing  the  gas  in  the  cylinder  to  4'.  Evidently 
the  compression  will  again  be  isothermal,  but  at  the  tempera- 
ture of  B.  Finally  at  4'  remove  B,  and  the  compression  will 
be  completed  adiabatically  until  the  piston  is  at  the  end  of 
its  stroke.  Consider  now  the  distribution  of  heat  during  the 
cycle,  and  let  suffices  refer  to  the  figures  in  the  diagram. 
Then 

Heat  received  from  1  to  2  =  Q12  =  GTl  loge  r  per  Ib.  of 
air,  where  r  is  the  ratio  of  isothermal  expansion. 

Heat  received  from  2  to  3  =  Q23  =  0. 

Heat  rejected  from  3  to  4  =  R34  =  CT3  loge  /. 

Heat  rejected  from  4  to  1  =  R41  =  0. 

It   can   readily  be  shown  r  =  r   in  order  that  the   final 
adiabatic  curve  must  pass  through  the  starting-point,  1. 
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/.  Heat  converted  into  useful  work 

=  U  =  2Q-2E  =  CO^-TS)  log,  r. 
Hence,  efficiency  of  a  Carnot's  cycle 


as  before,  in  §  5. 

§11.  Stirling's    Engine.  —  The    first    practical    hot-air 
engine  was  invented  by  the  Rev.  Robert  Stirling  in  1816. 


FIG.  5.— Section  of  Stirling's  Engine. 

He  employed  isothermal  expansion  during  the  whole  forward 
stroke  of  the  working  piston ;  then,  by  means  of  a  large 
separate  cylinder  containing  a  non-conducting  displacing 
piston  worked  off  the  engine  shaft,  he  was  able  to  suddenly  cool 
the  working  fluid  from  the  temperature  of  the  heat  source  to 
that  of  the  cold  body.  The  latter  consisted  of  a  water  jacket 
enclosing  the  top  of  the  displacing  cylinder.  A  sudden 
change  of  temperature  and  pressure  at  constant  volume  was 
thus  obtained.  The  working  piston  on  its  return  stroke 
compressed  the  air  in  the  cylinder  isothermally,  at  the 
temperature  of  the  water  jacket ;  and  at  the  end  of  its  stroke 
the  displacing  piston  again  moved  suddenly  up,  forcing  the 
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air  from  the  water-jacket  side  of  it  to  the  hot  side,  thus 
causing  a  sudden  rise  of  pressure  at  constant  volume.  His 
cycle  was,  therefore,  as  shown  in  fig.  6. 

12  represents  isothermal  expansion  of  the  air  in  contact 
with  the  hot  body  A. 

. '.     Q12  =  CT!  loge  r  per  Ib.  air. 

23  represents  fall  of 
temperature  and  pressure 
at  constant  volume,  heat 
being  rejected  to  B. 


Kv  being  the  specific  heat 
of  air  at  constant  volume. 
34  represents  isother- 
mal compression  by  the 
working  piston,  the  air 
being  in  contact  with  the 
cold  body  B,  i.e.  the  cool- 
ing water. 


FIG.  6.— Stirling's  Cycle. 


41  represents  rise  of  temperature  at  constant  volume,  heat 
being  received  from  the  hot  body  A. 

.-.    Q41  =  K(Tt-T3). 

.-.  Total  expenditure  of  heat  =  2Q  =  CTj  log,  r  +  K^Tj-Tj), 
and  Total  heat  rejected  =  2H  =  CT3  loge  r  +  K^  -  T3). 


,JL         C(T1-T3)loger 
2Q     C 


Evidently  the  efficiency  of  this  engine  is  less  than  that  of 
a  Carnot's  cycle,  since  the  term  KV(T1  —  T3)  occurs  in  the 
denominator. 

This  term  may  be  reduced  by  fitting  what  is  known  as  a 
regenerator  to  the  displacing  piston.  This  consists  of  a 
number  of  perforated  metal  sheets  through  which  the  air 
has  to  pass  on  its  way  from  one  side  of  the  displacing  piston 
to  the  other.  As  the  hot  air  passes  through  the  regenerator 
it  gives  up  its  heat,  and  so  less  heat  is  rejected  to  the  cooling 
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water;  and  when  the  displacing  piston  forces  the  cold  air 
back  to  the  hot  surface,  it  receives  back  the  heat  previously 
given  to  the  regenerator,  and  so  less  heat  is  taken  from  the 
hot  body  to  bring  the  air  back  to  the  higher  temperature. 
If  the  efficiency  of  the  regenerator  be  e,  the  heat  now  taken 
from  the  hot  body  during  rise  of  temperature  will  be  only 
(1—  e)Kv(T1  —  T3),  as  the  remainder  will  be  received  from  the 
regenerator  itself.  Hence,  with  a  regenerator  fitted,  the 
efficiency  is 

Cdi-Tg^ogsr 
CT1loger+(l-6)Kt<T1~T3) 


approximately  ;  for  e  can  be  made  as  much  as  *9  in  practice. 
The  regenerator  is  shown  in  the  centre  of  the  displacing 
plunger  in  the  sectional  diagram,  the  air  actually  passing 
through  the  plunger  from  the  hot  body  to  the  cold  body. 

This  engine  is  evidently  nearly  perfect  thermo-dynamically, 
but  mechanically  it  is  inefficient.  The  motion  of  the  large 
displacing  plunger,  and  the  energy  to  effect  compression  by 
the  working  piston,  is  derived  from  a  heavy  fly-wheel  fitted 
to  the  engine  shaft  ;  also  for  high  efficiency,  since  the  lower 
temperature  T3  cannot  be  much  below  that  of  the  atmosphere, 
the  upper  temperature  must  be  considerable.  The  bottom 
of  the  displacing  cylinder,  therefore,  must  be  kept  very 
hot,  and  consequently  the  cylinder  bottom  becomes  rapidly 
oxidised  and  requires  frequent  repair.  For  these  reasons 
Stirling's  engine  is  only  suitable  for  purposes  requiring  little 
power. 

§  12.  Ericcson's  Engine.  —  This  engine  is  represented 
diagramatically  in  fig.  7.  Its  principal  feature  consisted 
in  the  fact  that  the  working  cylinder  had  the  heat  directly 
applied  to  one  of  its  ends,  whilst  the  compression  of  the  air 
did  not  occur  in  the  working  cylinder  but  was  performed  by 
a  separate  pump  worked  off  the  engine  shaft.  A  regenerator 
was  fitted  as  in  the  Stirling  engine,  and  the  admission,  etc., 
of  air  to  the  cylinders  was  regulated  by  valves  actuated  at 
correct  times  by  cams  on  the  engine  shaft. 

Consider  the  cycle  of  operations  (as  represented  by  fig.  8) 
through  which  the  air  passed  during  one  revolution  of  the 
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During  A3  air  is  drawn  in  from  the  atmosphere  by  the 
pump,  and  during  the  next  stroke  of  the  pump  it  is  compressed 
isothermally  by  the  aid  of  a  water  jacket  round  the  purnp 
barrel,  as  represented  by  34,  and  then  expelled  into  a 
receiver  as  indicated  by  4B.  The  air  then  passes  through 
the  regenerator,  as  shown  in  fig.  7,  and  into  the  working 
cylinder  at  the  pressure  of  the  receiver.  This  is  represented 
by  the  line  Bl.  In  the  cylinder  the  air  expands  isothermally 
from  1  to  2,  the  air  being  in  contact  with  the  heat  source. 


FIG.  7. — Section  of  Ericcson's  Engine. 

Finally,  the  air  is  exhausted  through  the  regenerator  to  the 
atmosphere,  represented  by  2A.     Hence 

B12A  is  the  complete  diagram  for  the  working  cylinder ; 
A34B  is  the  complete  diagram  for  the  pump ; 
.*.  4123  is  the  nett  diagram  of  work  available. 

In  this  cycle  it  should  be  noticed  that  change  of  temperature 
takes  place  at  constant  pressure,  not  at  constant  volume  as  in 
Stirling's  cycle. 
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Consider  now  the  transfer  of  heat. 

Q41  =  KP(T1-T3)  per  Ib.  of  air; 
Q12=CT1log.rj 


U  _2Q-2R_ 

2Q         ZQ        GT^ogeH-K/^-T,)' 

If  a  regenerator  be  fitted,  we  can  write  as  before — 


C(T1-T8)loger 


T  — T 
^ 


CT1loger  +  (l- 


nearly. 


The  only  difference  in  the  calculation  between  this  and  the 

last  cycle  is  that  Kp,  the 
specific  heat  of  air  at 
constant  pressure,  must 
be  used  instead  of  Kv. 

The  mechanical  effi- 
ciency of  this  engine  is 
very  low,  though  its 
thermo  -  dynamic  effi- 
ciency is  considerable. 
The  vessel  Ericcson,  fitted 
out  in  1853,  was  propelled 
by  this  form  of  engine. 
She  had  four  giant  cyl- 
inders  14  ft.  in  diameter 

v  by  6   ft.  stroke,  but  the 
FIG.  8.-Ericcson's  Cycle.  ^      LRp<      ^     Qnly 

about  300.     The  fuel  was  only  1-87  Ibs.  per  I.H.P.  per  hour, 
but  the  mechanical  efficiency  of  the  engines  was  very  small. 

§  13.  Buckett's  Engine. — The  practical  objections  to  all 
air-engines  are  that — 

(1)  They  are  very  bulky  for  their  power. 

(2)  The  mechanical  efficiency  is  small. 

(3)  Lubrication   of   the  cylinders  is  difficult  owing  to 

the  high  temperature  used. 

In  addition,  the  engines  that  have  been  just  described  have 
the  disadvantages  of— 

(4)  The  difficulty  of  supplying  an  efficient  heating  surface. 

(5)  The  rapid  burning  away  of  this  heating  surface. 
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These  last  two  objections  can  be  overcome  by  employing 
the    products    of   combustion   of    the   heating  fuel   as   the 


Air  inlet 


FIG.  9. — Sectiou  of  Buckett's  Engine. 


working  fluid,  in  the  cylinder  itself. 
internal   combustion  p 
engines,  in  contradistinc- 
tion to  those  that  receive  fl 
their  heat  through  a  sur- 
face. 

Buckett's  engine  is  an 
engine  of  this  type,  em- 
ploying the  furnace  gases 
as  the  working  fluid.  A 
The  principle  of  this 
engine  will  be  under- 
stood from  the  annexed 
diagrammatic  section,  and 
the  cycle  of  operations  0 
shown  in  fig.  10.  Buckett 
adopted  what  is  known 


Such  engines  are  called 


FIG.  10. — Buckett's  or  Joule's  Cycle. 


as   Joule's  cycle   of   operations.      A  separate  pump   worked 
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off  the  engine  shaft  drew  in  air  from  the  atmosphere 
during  A3,  and  compressed  it  adiabatically,  as  shown  by  34 
(fig.  10),  during  the  next  stroke;  no  water  jacket  being  fitted 
to  the  purnp-barrel.  4B  represents  delivery  of  air  from  the 
pump  at  high  pressure.  It  was  then  admitted  to  the  working 
cylinder  (Bl),  passing  through  the  furnace  on  its  way.  The 
air  therefore  increased  in  volume  to  the  point  1  at  constant 
pressure.  In  the  working  cylinder  it  expanded  adiabatically 
doing  work  on  the  engine,  as  shown  by  12,  and  finally  it  was 
exhausted  to  the  atmosphere  during  2  A.  Suitable  valves, 
worked  by  cams  from  the  engine  shaft,  controlled  these 
operations. 

If  T4  be  the  temperature  of  the  air  on  delivery  from  the 

pump, 

Tj         „  „  „       furnace, 

T2         „  „  „       air  after  expansion, 

and    T3         „  „  „       atmosphere, 

evidently  (see  §  8) 


U  _SQ-SR_K,(T1-T4-T2 

SQ      SQ  K^-T,)  TX-T; 

To  find  T2,  we  have 

1  =      and  wJ  =^  v- 


T 

±l  =  ry-l 
"        T 
2 

where  r  is  the  ratio  of  adiabatic  expansion. 
T  T       T 

So  also  jjt-sr-t  .,    £„£, 

±3  12        J-S 

T  —  T  T\^~~TJ  T       T  —  T 

w-1_£2        LB  _  1  _    12\  -1!/—  1_^2-±1  _  ±2 

"         ^         rp  -n      -  -      ---  =  --  rp  rp 

il~14  11--L4  ±l  Xl 

This  efficiency  is  again  less  than  that  of  a  Carnot  cycle,  for 
T2  is  not  the  lowest  temperature. 

Gas  and  oil  engines  are  also  internal  combustion  engines, 
but  their  consideration  will  be  deferred  to  the  next  chapter. 


CHAPTER  III. 
GAS  AND  OIL  ENGINES. 

§  14.  Gas-Engines.  General  Considerations. — As  stated 
in  the  last  chapter,  gas  and  oil  engines  are  internal  combus- 
tion engines.  They  possess  the  advantage  of  combining  con- 
siderable mechanical  efficiency  with  a  high  thermo-dynamic 
efficiency. 

In  gas-engines  the  system  now  usually  adopted  is  to  draw 
a  mixture  of  gas  and  air  into  a  cylinder,  then  to  make  the 
working  piston  compress  this  mixture,  and,  when  the  piston  is 
just  at  the  end  of  its  stroke,  to  ignite  the  mixture  at  constant 
volume  by  means  of  an  electric  spark,  a  jet  of  flame,  or  a  red- 
hot  ignition  tube.  This  causes  an  explosion  of  the  gas,  and 
the  rise  of  pressure  does  work  on  the  piston  during  the  next 
stroke. 

The  proportions  of  gas  to  air  forming  the  explosive  mixture 
can  vary  from  1  to  4,  up  to  1  to  14  by  volume,  and  even 
more  if  the  mixture  be  previously  heated.  At  atmospheric 
temperature  and  pressure  ordinary  coal-gas  will  not  form  an 
explosive  mixture  with  air,  outside  these  limits. 

The  pressure  produced  on  explosion  will  depend  on  this 
richness  of  mixture,  on  the  amount  of  compression  to  which 
the  mixture  is  subjected  before  ignition,  and  on  the  initial 
chemical  composition  of  the  gases  employed. 

Diagram  11  shows  some  results  of  the  effect  of  richness 
of  charge  obtained  by  Mr.  Clerk  when  exploding  different 
mixtures  of  Glasgow  coal-gas  and  air,  at  atmospheric  pressure, 
in  a  vessel  of  constant  volume. 

The  highest  temperature  obtained  was  with  the  richest 
mixture,  and  was  about  1920°  C.  The  curves  clearly  show 
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that  combustion  is  gradual,  and,  under  these  conditions,  may 
be  controlled  by  dilution  of  the  mixture.  By  experimenting 
with  mixtures  of  constant  composition  at  different  original 
pressures  he  also  showed  that  the  explosion  pressures  for  any 
mixture  are  proportional  to  the  pressures  before  ignition. 

These  experiments  show  approximately  what  occurs  in  the 
cylinder  of  a  gas-engine  on  ignition,  when  the  piston  is  at 
the  compression  end  of  its  stroke.  Actually  the  gas  does 
not  all  combine  at  once,  but  combustion  continues  after  the 
explosion,  causing  the  expansion  curve  to  rise  above  the 
adiabatic  curve  during  the  working  stroke.  This  effect  is 
known  as  after  burning. 


•03  -06  '09  -12  -15  -Id  -21  -24  '27  '30 

Time    in  seconds. 

FIG.  11.  —  Explosion  Pressures  at  Constant  Volume. 
a  —  Mixture  of  1  volume  of  gas  to  13  vols.  of  air. 


For  practical  reasons  a  water  jacket  has  to  be  fitted  to  the 
cylinders  of  gas-engines  to  prevent  the  temperature  of  the 
cylinder  walls  becoming  too  high  for  proper  lubrication. 
Hence,  though  theoretically  it  is  better  to  have  complete 
immediate  combustion  to  obtain  the  maximum  range  of 
temperature,  yet  in  practice  it  is  found  advantageous  to  have 
delayed  combustion  to  reduce  the  initial  temperature  and 
consequent  loss  of  heat  to  the  water  jacket,  and  also  because 
it  maintains  a  uniformly  higher  pressure  throughout  the 
working  stroke. 

Even  with  "  after  burning  "  it  is  found  that  as  much  as  one- 
third  to  one-half  of  the  total  heat  of  combustion  is  lost  to 
the  water  jacket.  In  practice,  about  half  the  calorific  value 
of  the  gas  is  given  out  at  ignition,  and  the  remainder  during 
the  working  stroke. 
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The  effect  of  the  water  jacket  is  to  counteract  "after 
burning  "  as  far  as  the  expansion  curve  is  concerned,  for  it  ab- 
sorbs the  additional  heat  generated.  Hence  the  actual  curve 
of  expansion  of  the  burnt  gas  approaches  the  adiabatic  curve. 

§  15.  Thermo-dynamic  Cycles  used  in  Gas-Engines. 
— Gas-engines  may  be  divided  into  two  classes,  according  as 
the  gaseous  mixture  employed  in  the  cylinders  is  compressed 
or  not  before  ignition. 

The  class  of  engines  employing  no  compression  may  be 
further  subdivided  into  two  types :  the  first  directly  using 
the  force  of  the  explosion  to  drive  the  piston ;  while  the 
second  type  uses  the  atmospheric  pressure  and  weight  of 
piston,  etc. ,  as  the  driving  force,  the  explosion  merely  lifting 
the  piston  with  great  velocity  while  it  is  disconnected  from 
the  driving  mechanism. 

The  first  type  is  represented  by  Lenoir's  engine  *  of  1860. 
This  was  the  first  gas- 
engine  to  be  brought  into 
practical  use,  and  em- 
ployed the  following  cycle 
of  operations  :  air  and  gas 

in     suitable     proportions      FlG.  12._Di^ram  from  Lenoir  Ellgine. 
were     drawn     into     the 

engine  cylinder,  at  atmospheric  pressure,  during  a  portion  of 
the  forward  stroke ;  cut-off  then  occurred,  and  the  mixture 
was  ignited  by  an  electric  spark.  The  pressure  rose  quickly, 
followed  by  expansion  of  the  burning  gases,  work  being  done 
on  the  piston  for  the  remainder  of  the  stroke.  On  the  return 
stroke  the  piston  drove  out  the  products  of  combustion  at 
atmospheric  pressure. 

The  actual  indicator  diagram  of  the  Lenoir  engine  was  as 
shown  in  fig.  12. 

The  engine  was  double  acting,  two  explosions  occurring  per 
revolution.  A  water  jacket  was  fitted  to  prevent  excessive 
heating  of  the  cylinder.  Principally  for  the  reason  that  the 
explosive  mixture  was  not  compressed  before  ignition,  the 
heat  removed  by  the  water  jacket  bore  a  large  proportion  to 
the  total  heat  generated ;  on  this  account,  and  also  because 
of  the  limited  final  range  of  expansion  of  the  burnt  gases, 
the  efficiency  of  this  engine  was  low. 

*  For  details  of  this  and  other  gas  and  oil  engines,  see  W.  Robinson's 
book  on  Gas  and  Petroleum  Engines  ;  also  Bryan  Donkiu's  Gas  Engines. 
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The  Lenoir  engine  used  about  95  cubic  feet  of  gas  per 
I.H.P.  per  hour,  or  about  four  to  five  times  as  much  as  a 
modern  gas-engine. 

The  second  type  of  non-compression  engine  was  constructed 
in  a  practical  form  by  Otto  and  Langen.  Fig.  13  shows  the 
indicator  diagram  obtained  with  this  engine.  The  explosive 
mixture  is  admitted  at  atmospheric  pressure  for  a  portion  of 
the  stroke ;  it  is  then  exploded,  and  the  piston,  which  is 
quite  free,  is  driven  up  like  a  projectile.  As  the  piston 
recoils  it  is  geared  up  to  the  driving  shaft,  and  does  useful 


FIG.  13. — Diagram  from  Otto  and  Langen  Engine. 

work  as  it  slowly  falls  owing  to  its  own  weight,  the  gases  in 
the  cylinder  meanwhile  expanding  to  a  pressure  below  that 
of  the  atmosphere. 

Other  atmospheric  engines  of  this  type  have  been  made  by 
Halliwell,  Robson,  and  others. 

Gas-engines  in  which  the  explosive  mixture  is  compressed 
before  ignition  may  also  be  divided  into  two  types — namely, 
those  in  which  the  ignition  is  followed  by  a  sudden  rise  of 
pressure ;  and  secondly,  those  in  which  the  compressed  gases, 
after  having  been  ignited,  burn  slowly  at  constant  pressure. 

The  advantage  of  compressing  the  explosive  mixture  before 
ignition  in  order  to  make  the  subsequent  expansion  larger, 
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appears  to  have  been  first  clearly  recognised  by  Beau  de 
Eochas  in  a  French  patent  in  the  year  1862. 

He  defined  the  desirable  conditions  for  a  gas-engine  to  be 
the  greatest  cylinder  volume  combined  with  the  least  cooling 
surface  ;  the  greatest  rapidity  of  action  of  the  piston  ;  the 
greatest  possible  expansion  of  the  gaseous  mixture  ;  and  the 
greatest  possible  pressure  at  the  commencement  of  expansion. 

He  proposed  the  cycle  of  operations  shown  in  fig.  14,  the 
complete  cycle  to  take  place  on  one  side  of  the  working 
piston  during  two  revolutions  of  the  crank-shaft  —  that  is, 
during  four  strokes  of  the  piston. 

In  this  cycle  the  gaseous  mixture  is  drawn  in  during  the 
whole  of  one  stroke  of  the  piston,  as  represented  by  A3  in 
the  diagram,  and  then  compressed  adiabatically  during  the 
return  stroke  (as  shown  at  34)  into  the  clearance  volume. 
It  is  then  ignited  at  the  constant  volume  of  the  clearance, 
which  causes  a  sudden  increase  of  pressure  during  41,  with 
subsequent  adiabatic  expansion  during  the  third  stroke,  12. 
Finally,  the  exhaust  valve  is  opened  by  mechanical  means 
causing  a  drop  in  pressure  during  23,  and  the  burnt  gases 
are  expelled  by  the  piston  at  atmospheric  pressure  during 
the  fourth  stroke,  3A. 

The  first  successful  gas-engine  using  this  cycle  was  patented 
in  1876  by  Dr.  Otto,  and  since  then  this  cycle  has  been  used 
by  the  majority  of  modern  gas-engine  patentees.  It  is 
commonly  known,  however,  as  the  Otto  cycle.  The  theo- 
retical efficiency  of  the  cycle  can  be  readily  calculated  on 
the  assumption  that  the  curves  of  compression  and  expansion 
are  truly  adiabatic. 

For  if  Q  be  the  heat  due  to  explosion, 


where  Ky  is  the  specific  heat  of  the  mixture,  and  Tx  and  T 
are  the  temperatures  at  the  points  1  and  4  of  the  diagram. 
Also,  the  work  done  by  the  gas  in  expanding  =  E  =  area 


and  the  work  done  on  the  gas  in  compressing  it  =  B  =  area 

43A  =  K,(T4-T3). 
.*,  Useful  work  done  by  the  engine  =  U  =  E  —  K 
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.*.  The  efficiency  —  —  = 


=      =  TI 


rp  rp  rp 

=  1--?  since  7^  =  ^  I 

Al  X2       A8 


=1- 


i 


where  r  is  the  ratio  of  adiabatic  expansion  (see  §  13). 

Hence  the  efficiency  of  such  a  cycle  depends  only  on  the 
ratio  of  expansion  or  compression,  and  is  greater  the  larger 
this  ratio. 


K Stroke  Volume 

FIG.  14.— Otto  Cycle. 

As  stated  previously,  the  amount  Q  in  practice  is  only  about 
half  the  total  heat  of  combustion  owing  to  loss  of  heat  to 
the  water  jacket. 

The  number  of  modern  gas-engines  using  approximately 
the  Otto  cycle  is  considerable,  and  no  attempt  will  be  made 
to  enumerate  them ;  but  in  order  to  show  the  type  of 
indicator  diagram  obtained  from  such  engines  in  practice, 
fig.  15  has  been  drawn.  This  shows  an  indicator  card  taken 
from  the  well-known  Otto-Crossley  type  of  engine,  and  for 
purposes  of  comparison  it  has  been  drawn  to  the  same  scale 
of  pressures  and  stroke  volumes  as  the  theoretical  diagram  of 
fig.  14. 

That  the  efficiency  of  such  engines  is  actually  increased  by 
increasing  the  amount  of  compression,  in  agreement  with 
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theoretical  considerations,  is  strikingly  shown  by  the  follow 
ing  table,  published  by  the  Society  of  Arts. 


g      ?-        « 
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M 

Diameter  o 
Cylinder  in 
inches. 

_s 
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FIG  15. — Indicator  Diagram  from 
Otto-Crossley  Engine. 


The  type  of  engine  in  which  the  compressed  gases  burn 
slowly  at  constant  pressure 
without  explosion,  is  seldom 
met  with  at  the  present 
time.  The  Brayton  engine 
of  1872  is  representative  of 
the  principle  involved;  and 
the  Diesel  oil-engine  uses 
a  similar  cycle  of  opera- 
tions, but  a  description  of 
its  method  of  working  will 
be  given  later. 

§  16.  Causes  of  Loss  of 
Thermal  Efficiency  of 
Gas-Engines. — The  princi- 
pal causes  of  loss  of  efficiency  of  gas-engines  are  : — 

(1)  All    the   heat    is    not    supplied    at   the   maximum 

temperature. 

(2)  The  water  jacket  conveys  away  a  considerable  por- 

tion of  the  heat  of  combustion  of  the  gases. 

(3)  The  exhaust  gases  are  discharged  at  a  high  tempera- 

ture and  pressure. 

(4)  Owing  to  clearance  spaces,  burnt  gases  are  left  in  the 

cylinder  after  exhaust  and  dilute  the  fresh  charge. 

(5)  Frictional  losses  occur  owing  to  wire  drawing  during 

admission  and  expulsion  of  the  gases. 

The  reasons  for  these  losses  and  the  means  of  reducing 
them  are  as  follows : — The  first  loss  appears  inevitable.     As 
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regards  the  second,  a  certain  loss  is  a  practical  necessity,  but 
the  amount  will  depend  on  the  excess  of  the  temperature  of 
the  working  fluid  over  the  temperature  of  the  cylinder  walls  ; 
the  extent  of  the  surface  of  the  cylinder  walls  exposed  per 
Ib.  of  working  fluid ;  and  the  periodic  time  of  the  engine 
cycle.  Now,  the  surface  per  Ib.  of  fluid  varies  inversely  as 
the  cylinder  diameter;  hence  for  the  same  power,  gas- 
engines  should  have  cylinders  with  large  diameter  and  short 
stroke.  Also,  the  periodic  time  of  the  engine  should  be 
small,  and  hence  the  revolutions  per  minute  should  be  large, 
for  the  heat  transference  to  the  water  jacket  per  cycle  will  vary 
inversely  as  the  revolutions  for  a  given  temperature  difference. 


FIG.  16. — Effects  of  Increasing  Expansion. 

The  third  source  of  loss  is  due  to  sudden  release,  and  can  be 
reduced  by  increased  expansion;  but  this  necessitates  increased 
compression  in  the  Otto  cycle,  and  the  latter  is  limited  by 
practical  considerations.  Increased  expansion  can  be  ob- 
tained without  a  corresponding  increase  of  compression  by 
adding  on  a  toe  to  the  Otto  cycle  diagram,  as  shown  in  fig.  16, 
but  the  increased  frictional  losses  due  to  the  greater  stroke 
of  engine  then  necessary  would  probably  more  than  balance 
any  gain  of  work  thus  obtained. 

It  must  be  borne  in  mind  that  increasing  expansion  and 
compression  in  engines  using  the  Otto  cycle  increase  the 
maximum  pressure  and  working  stresses,  and  require  a 
heavier  engine  for  a  given  power,  and  also  increase  the 
mean  temperature  of  the  cylinder  walls ;  so  that  the  extra 
loss  to  the  water  jacket  may  more  than  balance  the  increase 
of  efficiency  due  to  the  increase  of  expansion. 

The  fourth  cause  of  loss  is  due  to  the  unrejected  products 
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of  combustion  mixing  with  the  incoming  fresh  charge  of  gas 
and  air,  thus  reducing  the  efficiency  of  combustion  not  only 
by  dilution  but  also  by  preventing  the  full  quantity  of 
pure  air  being  present  during  the  succeeding  stroke.  To 
increase  the  efficiency  of  gas-engines  it  is  desirable,  therefore, 
to  sweep  out  the  burnt  gas  from  the  clearance  space  at  the 
termination  of  the  exhaust  stroke.  This  operation  is  known 
as  scavenging,  and  can  be  effected  in  several  different  ways. 
The  burnt  clearance  gas  can  be  withdrawn  by  a  separate 
pump  or  other  suitable  means ;  but  Messrs.  Crossley  have 
adopted  an  ingenious  method  by  which  the  same  result  is 
effected  without  mechanical  means.  This  is  the  invention 
of  Mr.  Atkinson,  and  simply  consists  in  fitting  the  engines 
with  a  long  exhaust  pipe  (about  65  feet  long),  whilst  the  air 
admission  valve  is  opened  just  before  the  gas-valve  and  a 
little  before  the  end  of  the  piston  stroke.  The  exhaust 
gases  are  discharged  through  the  exhaust  pipe  with  a  rather 
violent  puff,  and  the  energy  of  their  motion  in  the  long  pipe 
causes  the  puff  to  be  followed  by  a  partial  vacuum  in  the 
cylinder  clearance  space.  Hence  when  the  air-valve  is 
opened  there  is  a  rush  of  pure  air  into  the  clearance  space, 
which  sweeps  out  before  it  the  residue  of  burnt  gases.  This 
invention  has  resulted  in  a  marked  gain  in  the  efficiency  of 
such  engines. 

The  fifth  source  of  loss  is  a  necessity,  and  cannot  be  entirely 
prevented. 

§  17.  Gaseous  Fuel. — The  gas  used  for  gas-engines 
may  be  ordinary  coal-gas  obtained  from  the  destructive 
distillation  of  coal,  and,  for  small  powers,  its  convenience 
often  compensates  for  its  comparatively  great  cost.  The 
composition  of  coal-gas  will  vary  considerably  with  the  kind 
of  coal,  and  with  the  conditions  under  which  the  gas  is 
made.  Mr.  L.  T.  Wright  gives  the  following  percentage 
composition  by  volume  as  a  sample  of  gas  distilled  from 
Newcastle  coal : — 

Hydrogen        ...  .67*1  per  cent. 

Marsh  gas  .     22'6 

Carbon  monoxide    .  .     06'1         „ 

Carbon  dioxide        .  .     01*5         „ 

Heavy  hydrocarbons        .  .01*8         ,, 

Nitrogen  .      ~~.  .     GO'S 

Sulphuretted  hydrogen    .  .     00 '1 
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1  lb.  of  coal  may  be  taken  as  yielding  about  4*5  cub.  ft. 
of  coal-gas.  The  total  heat  evolved  in  the  complete  com- 
bustion of  1  cub.  ft.  of  such  gas  will  obviously  depend 
on  its  chemical  constituents  ;  but  for  ordinary  coal-gas  the 
heat  of  combustion  is  not  far  short  of  600  to  650  British 
thermal  units  per  cubic  foot,  when  the  products  of  com- 
bustion pass  off  at  about  60°  F. 

In  the  calculation  of  the  heat  of  combustion  of  a  given 
gas  in  an  engine  cylinder,  or  the  heat  rejected  during 
exhaust,  it  is  necessary  to  know  the  specific  heats  of  the 
mixture  of  gas  and  air  both  before  and  after  explosion. 
These  specific  heats  will  depend  on  the  composition  of  the 
gas  and  the  specific  heats  of  its  constituents,  on  the  quantity 
of  air  present  during  combustion,  and  on  the  temperature. 
However,  for  approximate  calculations  the  following  values 
may  be  used  : — 


Substance. 

Specific  Heat  at 
Constant  Pressure 
in  B.T.U. 

Specific  Heat  at 
Constant  Volume 
in  B.T.U. 

Ordinary  coal-gas 
Air  
Burnt  gases       .... 
(Air  burnt  with  gas  in  the  pro- 
portion of  12  :  1  by  weight.) 

•25 
•237 
•27 

•18 
•168 
•198 

For  gas-engines  of  large  power  a  cheap  form  of  gas  is 
necessary  for  economical  working.  One  typical  method  of 
producing  such  gas  is  that  introduced  by  Mr.  Dowson, 
though  many  other  methods  are  now  in  vogue.  Dowson 
gas  is  made  by  passing  a  mixture  of  steam  and  air  through 
a  red-hot  mass  of  coke  or  anthracite.  By  this  means  the 
steam  is  decomposed  into  its  constituent  gases,  and  the 
resulting  gas  has  an  approximate  composition  given  by : — 
Hydrogen  19  per  cent., Carbon  monoxide  25  per  cent.,  Carbon 
dioxide  6  per  cent.,  and  Nitrogen  50  per  cent,  by  volume. 

The  gas  thus  obtained  has  only  one  quarter  the  calorific 
value  of  ordinary  coal-gas,  but  by  restricting  the  proportion 
of  air  admitted  to  the  engine  cylinder,  and  compressing 
highly,  it  is  found  to  ignite  well.  Such  gas  plants  are  very 
compact,  require  little  attention,  and  have  many  advantages. 
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§  18.  Oil  Fuel. — Oil  can  be  used  as  the  motive  fluid  for 
engines  in  a  similar  manner  to  gas.  Some  oils  are  more 
volatile  than  others,  and  the  methods  of  obtaining  mechanical 
energy  from  them  differ  according  to  their  properties. 

The  methods  that  can  be  employed  are: — 

(a)  Fuel  such  as  coal  or  coke  can  be   used  to  evaporate 
naphtha  or  benzine,  which,  from  their  low  latent  heat  and 
temperature  of  evaporation,  require  a  small  boiler  only,  and 
the  vapour  can  then  be  used  similarly  to  steam  in  a  steam- 
engine  cylinder. 

(b)  The   oil  can   be  converted  into  a  true  gas  at  a  high 
temperature,  and  the  gas  used  as  in  an  ordinary  gas-engine. 

(c)  The  oil  can  be  evaporated  at  a  low  temperature,  and 
the  vapour  then  mixed  with  air  and  exploded  in  an  engine 
cylinder ;  or  it  may  even  be  pumped  direct  into  the  engine 
cylinder  and  exploded  with  air  without  previous  evapora- 
tion. 

(d)  Liquid   oil   can   be   sprayed   into   the   furnace  of   an 
ordinary  boiler  through  nozzles,  by  the  aid  of  jets  of  steam 
or  air,  or  simply  by  a  force-pump. 

The  so-called  "  spirit  oils "  are  naphtha,  benzine,  and 
petroleum,  having  a  flash-point  lower  than  73°  F.  and  a 
density  of  7  to  73.  The  oils  used  for  petrol  engines  have 
flash-points  from  73°  F.  to  120°  F.,  with  densities  from  73 
to  -82. 

The  method  (a)  is  not  now  used  in  practice ;  but  Messrs. 
Yarrow  have  made  engines  for  river  launches  on  this 
principle,  with  economical  results. 

The  methods  (b)  and  (c)  are  the  ones  adopted  by  practically 
all  the  makers  of  modern  oil-engines.  No  detailed  description 
of  the  various  types  of  oil-engines  can  be  given  here ;  but  it 
may  be  noticed  that  the  Hornsby-Ackroyd  engine  is  typical  of 
method  (b),  while  the  Priestman  and  Diesel  engines  illustrate 
method  (c).  Practically  all  oil-engines  employ  the  Otto  cycle 
for  their  thermo-dynamic  cycle  of  operations,  and  so  in  no 
way  differ  thermo-dynamically  in  their  working  from  the  gas- 
engines  already  described. 

The  Diesel  engine  may,  however,  be  noticed  briefly,  as  its 
cycle  differs  from  the  Otto,  and  the  engine  in  its  modern  form 
has  attained  a  very  high  efficiency.  The  Diesel  engine  employs 
the  cycle  of  operations  shown  by  the  indicator  diagram  of 
fig.  17.  In  this  engine,  air  is  highly  compressed  more  or  less 
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adiabatically  (about  35  atmospheres  per  sq.  in.)  in  the  engine 
cylinder  before  any  oil  is  admitted  at  all.  At  the  end  of  the 
piston  stroke  the  oil  is  injected  into  the  cylinder  by  means 
of  a  separate  pump  and  air  reservoir,  and  immediately  burns 
owing  to  the  high  temperature  of  the  compressed  air  in  the 
cylinder.  No  explosion  occurs,  but  the  oil  burns  at  constant 
pressure  as  it  is  pumped  in  during  a  portion  of  the  next 
forward  stroke  of  the  piston.  The  supply  of  fuel  is  then  cut 
off  and  a  prolonged  expansion  (more  or  less  adiabatic)  ensues, 
until  release  occurs  at  the  end  of  the  stroke. 

In  a  thermo-dynamic  sense,  it  is  a  defect  of  gas  and  oil 
engines  that  combustion  usually  begins  while  the  working 
substance  is  comparatively  cold.  As  just  described,  the 
Diesel  engine  overcomes  this  defect  by  endeavouring  to 


FIG.  17.— Diesel  Engine  Cycle. 

reach  the  temperature  of  combustion  before  combustion 
commences,  by  compressing  the  air  in  the  cylinder  to  a 
very  high  degree  before  the  fuel  is  admitted. 

Professor  Meyer  in  1900,  testing  a  30-H.P.  Diesel  engine, 
obtained  the  following  results  at  normal  load  using 
American  petroleum  oil: — 

I.H.P.  39-52 ;  Oil  per  I.H.P.  per  hour,  -343  Ibs. 
B.H.P.  30-17  ;  Oil  per  B.H.P.  per  hour,  -449  Ibs. 

Allowing  for  the  work  done  by  the  air-pump  in  com- 
pressing the  air  of  injection,  he  found  that  38  per  cent,  of 
the  heat  contained  in  the  oil  was  converted  into  indicated 
work — a  very  high  efficiency. 

The  method  (d)  of  burning  oil  fuel  is  now  being  largely 
introduced,  especially  for  marine  boilers.  By  this  means 
mechanical  energy  can  readily  be  obtained  from  those  crude, 
heavy  oils,  which  cannot  be  used  in  the  cylinders  of  ordinary 
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oil-engines.  The  method  adopted  is  to  spray  the  oil  through 
suitable  burners  on  to  the  top  of  a  bed  of  live  coal  in  a 
boiler  furnace,  or  else  simply  to  spray  and  burn  the  oil  by 
itself.  Various  forms  of  sprayers  are  in  use,  but  the 
principle  consists  in  forcing  air  or  steam  at  high  pressure 
through  a  form  of  ejector  which  draws  in  the  oil  and 
discharges  it  into  the  boiler  furnace.  The  oil  must  be  heated 
up  to  its  flash-point  by  passing  it  through  a  heater  containing 
steam  coils  to  render  it  readily  combustible.  The  flash- 
points of  the  oils  used  vary  from  180°  F.  to  270°  F.,  and  it  is 
advisable  to  heat  the  oils  above  these  points  to  get  smokeless 
combustion.  It  is  very  important,  however,  not  to  heat  the 
oil  too  highly,  as  then  the  lighter  constituents  in  the  oil 
(which  can  never  be  entirely  eliminated  even  from  the 
heaviest  oils)  split  up  into  their  elements  and  deposit  pure 
carbon  in  the  form  of  flakes  and  particles,  and  these  rapidly 
choke  any  valves  or  pipes  through  which  the  oil  may  pass. 
For  this  reason  it  is  inadvisable  to  heat  any  oil  to  be  used  for 
burning  over  100°  above  its  flash-point,  and  even  then  suitable 
oil-strainers  should  be  fitted  to  prevent  the  small  nozzles  of 
the  burners  becoming  choked  with  sooty  particles.  Air 
should  be  drawn  in  uniformly  all  round  the  oil-jets,  and  to 
get  smokeless  results  it  is  very  important  to  secure  a  good 
and  gradual  admixture  of  the  oil  and  air  at  a  high  tempera- 
ture, and  also  that  the  jet  of  oil  should  not  impinge  upon 
any  brickwork  or  cold  substance  in  the  furnace.  By  forcing 
much  air  into  the  furnace,  the  combustion  can  be  made 
smokeless  in  any  case ;  but  this  is  dilution  only,  and  will 
not  be  attended  by  good  evaporative  results.  From  the 
results  of  a  number  of  trials  it  appears  that  about  13 '5  Ibs. 
of  water  evaporated  per  Ib.  of  oil  from  and  at  212°  F.  is 
about  the  result  that  may  be  expected  from  oil  burnt  in  this 
way,  as  compared  with  about  1O5  Ibs.  when  coal  only  is  used. 
If  burning  well,  no  residue  is  left  by  the  oil  either  in  the 
furnaces  or  on  the  boiler  tubes.  When  steam  is  used  as  the 
spraying  medium,  the  burners  appear  to  use  about  4  per  cent, 
of  the  steam  generated  by  the  boiler  in  which  they  are  being 
used. 

For  marine  work,  the  advantages  over  coal  of  this  type  of 
fuel  are : — 

(1)  Great  convenience  and  reduction  of  labour  owing  to 
the  cleanliness  of  burning. 
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(2)  Great  convenience  in  stowage  and  manipulation  and 

in  the  power  of  any  boiler  being  readily  adjustable  ; 
and 

(3)  The  larger  calorific  value  of  oil  than  coal  for  a  given 

weight. 

Its  disadvantages  are  : — 

(1)  The  large  quantities  of  black  smoke  formed  unless 

considerable  care  is  taken. 

(2)  The  loss  of  fresh  water  when  steam  injection  is  used. 

(3)  The  deafening  noise  produced  when  steam  burners 

are  used. 

(4)  The  relatively  greater  cost  of  oil  than  coal  owing  to 

its  somewhat  limited  supply. 

The  second  and  third  objections  have  been  overcome  by 
using  what  are  known  as  pressure  burners.  In  these  no  steam 
or  air  jet  is  used,  but  the  oil  is  forced  into  the  furnaces 
through  nozzles  by  an  oil  pressure  pump  at  a  pressure  which 
varies  from  300  to  100  Ibs.  per  square  inch,  according  to  the 
design.  As  in  the  case  of  the  steam  burners  the  oil  must  be 
previously  heated  to  from  0°  F.  to  50°  F.  above  its  flash- 
point, and  the  air  supply  for  properly  burning  the  oil  must 
be  gradually  supplied  and  thoroughly  mixed  with  the  oil  to 
cause  complete  combustion. 


CHAPTEE  IV. 
REFRIGERATING   MACHINES. 

§  19.  Conditions  for  Refrigeration. — Eefrigerators  are 
the  direct  opposite  of  heat-engines,  and  may,  in  fact,  be 
considered  as  reversed  heat-engines.  Their  object  is  to  cool 
matter  to  a  lower  temperature  than  that  of  the  surrounding 
medium.  Heat  must  therefore  be  withdrawn  from  a  cold 
body  and  rejected  into  a  hot  body,  by  the  expenditure  of 
mechanical  work.  In  §  5  we  have  seen  that  in  a  heat-engine, 
in  order  to  get  the  maximum  amount  of  work  out  of  the 
heat  received,  under  given  conditions,  it  is  necessary  that : — 

(a)  The  working  substance  must  at  every  point  be  at  the 
same  temperature  as  the  source  of  heat  when  receiving  heat, 
and  at  that  of  the  cold  body  when  rejecting  it. 

(b)  The  working  pressure  must  always  be  balanced  by  the 
resistance. 

If  these  conditions  are  complied  with,  the  cycle  of  opera- 
tions is  said  to  be  reversible.  It  is  unnecessary  for  the 
working  substance  to  receive  all  its  heat  at  the  highest 
available  temperature  and  reject  it  at  the  lowest,  in 
order  that  the  cycle  may  be  reversible.  For  a  particular 
reversible  cycle,  however,  the  maximum  efficiency  is  obtained 
when  this  is  the  case,  as  is  obvious  from  fig.  18,  where  the 
area  between  the  isothermals  TT'  and  SS'  is  evidently  greater 
than  the  area  ABCD,  which  will  represent  the  work  done  by 
any  less  efficient  engine  working  between  the  same  limits  of 
temperature. 

We  thus  see  thermo-dynamic  reversibility  is  the  criterion 
of  perfection  for  a  heat-engine,  and  the  same  holds  for  a 
refrigerator,  the  refrigerating  effect  being  greater  for  a  given 
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expenditure  of  work  the  more  nearly  the  refrigerating  machine 
approaches  perfect  reversibility. 
In  a  heat-engine  we  have  seen 

where          Q  =  heat  supplied  from  the  hot  body ; 
E  =  heat  rejected  to  a  cold  body ; 
U  =  useful  work  done  by  the  engine. 
In  a  refrigerating  engine  we  have, 
R'=Q'-U' 
where  E'  =  heat  supplied  by  the  cooling  body ; 

Q'  =  heat  rejected  into  the  hot  body,  generally  con- 
densing water ; 
U'  =  work  done  on  the  engine  by  external  sources. 

In    the    case    of    heat- 
engines  we  are  concerned 

with  the  ratio  ^  ,  that  is, 

the  amount  of  work  that 
can  be  obtained  from  a 
given  supply  of  heat. 

In  refrigerators  the  cool- 
ing effect  will  depend  on 
the  ratio  of  E'  to  U',  that  is, 
the  amount  of  heat  that 
can  be  withdrawn  from  the 
cold  body  for  a  given  ex- 

—  penditure  of   work.      The 
p/ 

ratio  -=^>  is  therefore  very 

important,  and  is  generally  called  the  coefficient  of  performance 
of  the  machine. 

Apply  these  considerations  to  the  Carnot  cycle  shown  in 
§  10.  Suppose,  instead  of  receiving  heat  from  A,  we  go 
round  the  cycle  in  the  opposite  direction  and  compress  adia- 
batically  during  32  and  isothermally  during  21.  Heat  will 
then  be  rejected  to  A.  Now  let  the  working  substance 
expand,  first  adiabaticaliy  during  14,  and  finally  isothermally 
at  the  temperature  of  B  during  43.  To  keep  this  expansion 
isothermal,  heat  must  be  received  from  B.  Hence  by  the 
expenditure  of  an  amount  of  mechanical  work  equivalent  to 
the  area  1234,  heat  can  be  removed  from  B  and  transferred 


FIG.  18. 
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into  A.  B  will  thus  get  colder  and  colder,  so  that  by 
reversing  the  cycle  of  operations  required  for  a  perfect  heat- 
engine,  we  see  how  a  refrigerating  effect  can  be  obtained. 
The  resulting  effects  of  working  forwards  or  backwards 
round  the  cycle  can  be  tabulated  thus : — 


Transfer  of  Heat. 

Operation. 

Working  for- 
wards as  for 

Operation. 

Working  back- 
wards as  for 

Heat-Engine. 

Refrigerator. 

CT^og^r  . 

12 

From  A. 

21 

Into  A. 

0 

23  1 

From  A. 

32  A 

Into  A. 

CT3loger  . 

84* 

Into  B. 

43  1 

From  B. 

0 

41 

Into  B. 

14 

From  B. 

It  is  evident  from  the  above  table  that  Carnot's  cycle  is 
exactly  reversible,  and,  therefore,  as  suitable  for  a  refrigerator 
as  a  heat-engine. 

The  "  coefficient  of  performance  "  is  given  by 


CT8loger 


T3 
T^T, 


U'    CVoger-CT.log.r 

§  20.  Refrigerators  using  Non-reversible  Cycles. — 
Many  refrigerating  machines  use  cycles  in  which  only  certain 
operations'  are  entirely  reversible.  In  such  cases  we  must 
find  the  quantities  IT,  Q',  and  U'  all  separately,  and  cannot 
get  such  a  simple  relation  between  R'  and  U'  as  for  the 
Carnot  cycle  in  the  last  paragraph. 

In  1862  Dr.  Kirk  invented  a  refrigerator,  using  air  as  the 
working  fluid,  and  employing  a  reversed  Stirling's  cycle  of 
operations  with  a  regenerator  fitted  (see  §  11). 

Comparing  the  transfer  of  heat  between  the  hot  and  cold 
bodies  in  the  two  cases,  a  table  can  be  written  down  as 
before : — 


Working  for- 

Working back- 

Transfer of  Heat. 

Operation. 

wards  as  a 
Heat-Engine. 

Operation. 

wards  as  a 
Refrigerator. 

CT.log.r  . 

12 

From  A. 

21 

Into  A. 

K  (T  -  T  ) 

23  1 

Into  B. 

32  A 

From  A. 

CT3loger  . 

34l 

Into  B. 

43  T 

From  B. 

41 

From  A. 

14 

Into  B. 
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Here,  evidently,  operations  23  and  41  are  not  exactly 
reversible  ;  for,  as  in  a  heat-engine,  heat  is  rejected  to  B 
during  23  ;  when  the  cycle  is  reversed,  heat  should  be  taken 
from  B  during  32  and  not  from  A,  and  similarly  for  the 
operation  41. 

The  heat  taken  from  B  during  each  cycle  in  the  Kirk's 
refrigerator  is  evidently  given  by 

R'  =  CT3lo&,--K.(T1-T3), 

which  is  less  than  that  for  a  Carnot  cycle  working  between 
the  same  limits  of  temperature.  With  a  regenerator  of 
efficiency  e  fitted,  however,  we  can  write 


ir  =  CT3  loge  r  -  (1  -  6)^1!  -  T3)  ; 

so  that,  with  a  very  efficient  regenerator,  Kirk's  machine 
approaches  very  closely  the  thermo-dynamic  efficiency  of  the 
Carnot  cycle. 

The  coefficient  of  performance  is  then  given  by 

R'     CT8Ioggr-(l  - 


U'~  0(1!  -T^  log,  r 

The  reason  for  the  loss  of  efficiency  in  the  Stirling  cycle 
is  evident  ;  for  the  heat  rejected  to  produce  change  of 
temperature  at  the  end  of  the  piston  stroke  is  lost,  while 
in  the  Carnot  cycle  all  the  heat  is  received  at  the  higher 
and  rejected  at  the  lower  temperature. 

This  example  shows  once  again  that  non-reversible  engines 
are  not  so  efficient  as  those  that  are  completely  reversible, 
and  also  that  for  maximum  efficiency  there  must  be  no 
transfer  of  heat  during  change  of  temperature. 

Eankine  and  Lord  Kelvin,  about  the  year  1852,  proposed 
the  following  cycle  for  refrigerators:  —  Compress  air  adia- 
batically,  cool  it,  then  expand  it  again  adiabatically  to  a  low 
temperature,  and  then  bring  it  into  contact  with  the  cold 
body.  As  will  be  seen  from  fig.  19,  the  cycle  is  simply  a 
reversed  Joule's  cycle. 

The  Bell-Coleman  refrigerating  machine,  invented  about 
1877,  worked  on  this  principle,  and  in  more  recent  years 
the  well-known  Haslam  and  Hall  air-machines  have  been 
designed  employing  the  same  cycle  of  operations. 
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The  accompanying  figure  represents  diagrammatically  the 
various  operations  performed  : — 

Al  represents     the     suction    stroke     of     the    compression 

pump  from  the  at- 
mosphere. 
12  is  approximately  adia-  »  12 

batic     compression ; 

the  air  then  passing 

into    the    cooler   or 

condenser. 

23  represents  the  reduc- 
tion in  volume  of 

the  air  at  constant 

pressure  due  to  the 

cooling  effect  of  the 

condenser. 
30  shows  the  adiabatic 

expansion      of      the 

cooled    air     in    the 

expansion   cylinder,  the  temperature  here  falling  to  a 

very  low  degree,  say  to  T0. 

Let  Tj_  be  the  temperature  of  the  atmosphere,  T2  the 
temperature  at  the  end  of  compression,  and  T3  the  tempera- 
ture of  the  condensing  water. 


Atmospheric 
Pressure. 


FIG.  19. 


Coefficient  of  performance  = 

R/  T  —  T 
JHH  J- 1  —  J  ri 


rr          rP    rp 

~"~  *  i          -*-  o         -^-  *j 


TI-T, 


for 


T      T 

^  =  ^ 

T       T 

-1!        10 


where   r  is   the   ratio   of   adiabatic   expansion   (see    §  13). 
Approximately  also  T3=T15  the  atmospheric  temperature. 
Suppose   the   cold  air   at  temperature  T0  be  required  to 
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cool  a  room — for  meat  storage,  for  instance.     Let  T4  be  the 
average  temperature  of  such  a  room.     Then,  evidently, 

Heat  abstracted  from  cold  chamber  per  Ib.  of  air  is 
=  KP(T4-T0). 

This  therefore  measures  the  actual   nett   cooling   effect   on 
the  room  obtained  from  the  refrigerator. 

In  some  cases,  the  air  supply  to  the  compression  pump  is 
taken  direct  from  this  chamber  instead  of  from  the  outside 


Expansion 
Cylinder 


'ompress/on 
Pump 


To 


Cold    Chamber 
at  temperature  1 


Suet  ion  at  T4 
or  from  atmos- 
phere at  TI 


FIG.  20.— Diagram  of  Refrigerator  using  Cycle  of  Fig.  19. 

atmosphere.  T1  then  becomes  equal  to  T4,  and  the  same  air 
continually  circulates  from  the  machine  to  the  cold  room, 
and  back  to  the  machine  again. 

The  amount  of  heat  extracted  per  stroke  will  be  the  same 
as  before;  but,  owing  to  the  weight  of  air  dealt  with  per 
stroke  being  greater  at  the  lower  temperature,  the  per- 
formance of  the  machine  will  be  increased. 

Another  practical  advantage  of  this  method  is  due  to  the 
fact  that  a  certain  quantity  of  moisture  is  always  present 
in  the  atmosphere.  Hence  snow  and  ice  slowly  form  in  the 
cylinders  and  on  the  valves  of  refrigerators ;  and  thus  when 
only  a  given  quantity  of  air  is  introduced  into  the  various 
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chambers,  a  much  smaller  quantity  of  snow  and  ice  is  formed 
in  a  given  time. 

§  21.  Vapour  Refrigerators. — Any  vapour  can  be  used 
instead  of  air  as  the  working  fluid  for  refrigerators,  provided 
the  pressures  it  gives  at  the  temperatures  of  the  hot  and 
cold  bodies  are  suitable. 

Water  vapour  is  quite  unsuitable  for  refrigerating  purposes. 
Its  vapour  pressure  is  considerably  less  than  1  Ib  absolute 
per  sq.  in.  even  at  the  highest  temperature  likely  to  be 
reached  on  the  warm  side  of  a  refrigerating  machine. 

Sulphuric  ether  has  been  tried  as  a  working  substance,  but 
its  vapour  pressure  is  below  the  pressure  of  the  atmosphere 
for  temperatures  under  95°  F. 

Hence  to  use  either  of  these  vapours  great  care  would  be 
necessary  in  the  fitting  of  glands,  joints,  etc.,  to  prevent  air 
leaking  into  the  refrigerator  and  destroying  the  efficiency  of 
the  process.  Moreover,  owing  to  the  low  pressures  the 
volume  per  Ib.  of  vapour  is  very  great,  and  therefore  the 
machines  would  necessarily  be  very  bulky,  which  renders 
them  unsuitable  for  modern  requirements. 

Sulphurous  acid  has  been  employed  by  M.  Pictet  as  a 
refrigerating  vapour.  It  has  a  vapour  pressure  of  about 
4£  atmospheres  per  sq.  in.  at  about  70°  F.,  and  so  is  suitable 
for  such  machines.  Its  thermal  performance  is  greater  than 
for  air;  but  the  liability  of  this  vapour  to  form  sulphuric 
acid  in  the  presence  of  air,  with  consequent  corrosive  effects 
on  metal,  renders  the  use  of  this  vapour  somewhat  limited. 

Anhydrous  ammonia  is  a  vapour  in  considerable  use  for 
refrigeration.  At  normal  temperatures  the  range  of  pressure 
obtained  in  ammonia  machines  is  from  about  20  to  170  Ibs. 
per  sq.  in.  Its  thermo-dynamic  performance  compared  to 
air  is  large,  and  the  size  of  a  machine  for  a  given  re- 
frigerating effect  is  well  within  practical  limits,  so  that 
ammonia  forms  a  very  suitable  vapour  in  every  way. 

The  disadvantages  to  its  use  are — (a)  that  it  actively 
dissolves  brass  and  copper,  so  that  these  materials  cannot 
be  used  in  the  construction  of  these  machines ;  (b)  leakage 
allows  very  noxious  fumes  to  escape ;  (c)  special  stores  are 
required  to  be  carried  on  board  ship  to  replenish  losses, 
which  is  not  necessary  with  an  air  plant. 

Carbon  dioxide  is  another  vapour  largely  used  for  re- 
frigerators. It  is  least  bulky  of  any  of  the  vapours,  but  its 
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pressures  are  correspondingly  higher,  reaching  as  much  as 
1040  Ibs.  per  sq.  in.  at  about  68°  F.  Hence  carbonic  acid 
refrigerators,  though  very  compact,  must  be  strongly  made, 
and  special  precautions  must  be  taken  to  prevent  leakage. 

§  22.  Thermo-dynamic  Cycles  of  Vapour  Refrigera- 
tors.— The  most  perfect  cycle  an  ideal  vapour  refrigerator 
could  use  would  be  a  reversed  Carnot  cycle.  Under  these 
conditions,  the  cycle  of  operations  would  be  as  shown  in 
fig.  21.  For  vapours,  isothermal  lines  are  lines  of  constant 
pressure  at  the  temperatures  corresponding  to  those  pressures, 
so  that,  following  round  the  cycle,  21  will  represent  adiabatic 
compression ;  14,  rejection  of  heat  at  constant  pressure  at  the 
upper  temperature,  i.e.  the  temperature  of  the  cooling  water ; 
43,  adiabatic  expansion ;  and  32,  the  absorption  of  heat  from 
the  cold  body,  again  at  constant  pressure  and  temperature. 
At  the  point  2,  after  contact  with  the  cold  body,  the  vapour 
as  a  rule  is  not  dry  but  contains  a  certain  proportion  of 
moisture,  say  q2  of  its  mass.  'During  the  adiabatic  com- 
pression 21  this  moisture  evaporates,  and  if  the  proportion 
of  moisture  q2  is  suitably  arranged,  the  vapour  will  be  just 
dry  at  the  end  of  compression.  This  need  not  necessarily 
be  the  case,  as  it  is  quite  possible  to  arrange  that  the  vapour 
shall  have  a  dryness  fraction  qv  say,  at  the  point  1,  or  even 
be  superheated.  Assuming  it  has  a  dryness  given  by  ql 
at  the  point  1  of  the  cycle,  the  amount  of  heat  rejected  to 
the  cooling  water  during  14  will  be  q^  where  Lj_  is  the 
latent  heat  of  the  vapour  at  this  temperature,  for  the  vapour 
condenses  to  a  liquid  during  the  operation  of  cooling  at  the 
higher  pressure.  As  before,  we  can  tabulate  the  transfer  of 
heat  for  a  perfect  cycle  for  a  vapour  and  compare  it  with  that 
of  a  vapour  heat-engine : — 


Transfer  of  Heat. 

Operation. 

As  a  Vapour 
Heat-Engine. 

Operation. 

As  a  Vapour 
Refrigerator. 

0 

12 

21 

(22-?3)L2 

0 

23  I 

34l 

Into  B. 

32  A 
43  1 

From  B. 

?iLi 

41 

From  A. 

14 

Into  A. 

The   above   cycle   for   a   vapour   is   evidently  completely 
reversible. 
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Iii  practice,  the  adiabatic  expansion  43  cannot  be  obtained 
by  making  the  condensed  vapour  do  work  in  a  cylinder. 
Partial  re-evaporation  can  be  actually  carried  out  by  passing 
the  liquid  through  a  re- 
stricted orifice  on  its  way 
to  the  cold  body ;  but  no 
work  is  obtainable  by  this 
process,  so  that  in  actual 
vapour  refrigerators  the 
work  up  to  the  adiabatic 
expansion  curve  on  the 
perfect  cycle  diagram 
must  be  supplied  from 
external  sources. 

The  most  perfect  cycle 
for  a  vapour  obtainable 
in  actual  practice  is 
Eankines  cycle.  This  cycle 
is  reversible  except  for 


FIG.  21. — Cycles  of  Vapour  Refrigerators. 


the     part    43'    (fig.    21), 

which  represents  the  fall  of  temperature  of  the  condensed 
vapour  with  consequent  rejection  of  heat  to  the  cold  body. 
Eankine's  cycle  may  be  therefore  tabulated  thus : — 


Transfer  of  Heat. 

~         ,  .            As  a  Vapour 
Operation.  ,    g^g^. 

Operation. 

As  a  Vapour 
Refrigerator. 

0 

12 

21 

ftLa          •         ' 

A!  -  h> 

ftLi    "      . 

23'  1               Into  B. 
3'4  V               From  A. 
41                   From  A. 

S'24 

43'  1 
14 

From  B. 
Into  B. 
Into  A. 

where  ^  is  the  sensible  heat  at  the  temperature  tv  etc. 
Now  let  us  apply  these  principles  to  examine  the  working 
of  the  ordinary  ammonia  or  carbonic  acid  refrigerating 
machines. 

The  type  of  plant  employed  generally  consists  of  a  com- 
pression pump,  which  condenses  the  vapour ;  a  condenser, 
which  causes  the  vapour  to  become  liquid  at  the  temperature 
of  the  condensing  water;  and  an  evaporator — as  shown 
diagrammatically  in  fig.  22.  This  evaporator  is  connected  to 
the  condenser,  and  a  regulating  valve  is  fitted  to  adjust  the 
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drop  of  pressure  between  them.     Partial  evaporation  takes 


Condensing \ LS-^T^^r^^r 


press.p,  press.p2 

FIG.  22. — Section  of  Vapour  Refrigerator. 

place  at  this  valve  and  the  remainder  in  the  evaporator  coils. 

The  evaporator  coils  are 
surrounded  by  brine,  which 
is  thus  reduced  to  a  very 
low  temperature  and  can  be 
carried  off  to  cool  chambers, 
or  to  freeze  water,  etc. 

The  expansion  at  the 
regulating  valve  is  found 
to  be  irregular,  and  is  repre- 
sented in  fig.  22 A  by  the 
wavy  line  43.  Evidently  the 
dryness  fraction  of  the 
vapour  at  the  point  3  will 
be  given  by 


FIG.  22A. 


where  \  and  h2  are  the  sensible  heats  per  Ib.  at  the  upper 
and  lower  temperatures. 
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The  heat  taken  out  of  the  cold  brine  per  cycle  is 


per  Ib.  of  vapour,  while  the  work  done  by  the  pump,  neglect- 
ing the  small  volume  of  the  condensed  liquid  itself,  is  the 
area  123'4  —  not  the  area  1234,  since  the  work  433'  does  not 
reappear  as  work  on  the  compression  pump.  The  heat 
rejected  to  the  condensing  water  per  cycle  is  evidently 

Q'  =  ?,L: 
per  Ib.  of  vapour. 

The  dryness  fraction  ql  will  depend  on  the  state  of  the 
vapour  at  the  point  2  before  compression  commences.  If  q2 
be  considerable,  the  vapour  at  the  upper  temperature  will 
not  be  dry  after  compression,  and  the  process  of  refrigeration 
is  then  said  to  be  wet.  For  a  suitable  q2,  however,  the 
vapour  will  be  just  dry  after  compression,  and  if  q2  be 
greater  than  this  the  vapour  may  be  even  superheated  at 
the  upper  temperature.  The  refrigeration  is  then  said  to 
be  dry.  The  value  of  q2  can  be  altered  in  practice  by 
adjusting  the  regulating  valve,  and  on  the  proper  adjustment 
of  this  valve  will  depend  the  refrigerating  effect  for  any 
given  limits  of  temperature. 

§  23.  Refrigerating  Effect  dependent  on  Heat  Pro- 
perties of  Vapours.  —  Since  R'  =  (q2  —  £3)L2  =  <?2L2  —  (^  —  A2), 
it  is  evident  the  refrigerating  effect  produced  depends  on  the 
ratio  of  </2L2  to  (\  —  h^)  for  any  particular  vapour. 

Hence  it  is  important  to  choose  a  vapour  in  which  L2,  that 
is  its  latent  heat,  is  large  compared  to  its  specific  heat. 

The  numerical  values  of  the  latent  heats  and  specific  heats 
of  various  substances,  in  thermal  units,  is  given  in  the 
following  table  :  — 


Latent  Heat  at  32°  F. 

Liquid  Specific  Heat 

in  B.  T.  Units. 

in  B.  T.  Units. 

Water          .         .         . 

10!»2 

1 

Sulphurous  acid  .         . 

164 

•33 

Ammonia    .... 

568 

•9 

Carbonic  acid 

100 

•53 

Obviously  the  ratio  of  L2  to  (h^  —  h^  is  greatest  for  water 
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but  for  reasons  already  discussed,  water  vapour  cannot  be 
used  for  refrigerators. 

Ammonia  is  the  next  best,  and  this  forms  another  argument 
in  favour  of  ammonia  machines. 

If  temperatures  be  plotted  on  a  heat  base,  the  curves  of 
specific  and  latent  heats  for  ammonia  and  carbonic  acid 
will  be  as  shown  in  fig.  23. 

We  observe  that  at  88°  F.  the  latent  heat  of  carbonic  acid 
is  zero.  This  is  called  its  critical  temperature,  for  above  this 
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FIG.  23.  —  Curves  showing  Relative  Values  of  Sensible  and 

Latent  Heats 

from  32°  F.  of  Ammonia  and  Carbonic  Acid. 

temperature  no  amount  of  compression  and  condensation  will 
condense  the  gaseous  C02  into  a  liquid  form.  Hence  a 
carbonic  acid  refrigerator  working  between  this  upper  limit 
of  temperature  and  any  lower  limit  of  temperature  will  no 
longer  refrigerate  unless  the  action  of  the  machine  radically 
alters,  for  no  evaporation  can  take  place  to  produce  a 
refrigerating  effect.  These  C02  refrigerators  do  work, 
however,  under  these  conditions,  the  explanation  being 
somewhat  as  follows: — If  air  expands  from  101  to  1 
atmosphere  doing  no  work  on  external  bodies,  its  tempera- 
ture will  fall  25°  C.,  and  this  same  result  obtains  when  the 
vapour  pressure  of  carbonic  acid  is  allowed  to  fall  under 
similar  conditions.  At  the  regulating  valve  in  the  carbonic 
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acid  machines  the  pressure  drop  can  be  regulated,  and  the 
temperature  on  the  low-pressure  side  made  to  fall  to  a  point 
much  below  that  of  the  brine  in  the  evaporator.  The  vapour 
thus  entering  the  evaporator  coils  absorbs  heat  from  the 
brine  by  virtue  of  its  specific  heat,  and  so  refrigerates. 

This  principle  is  made  use  of  in  Hampson  and  Linde's 
machine  for  producing  liquid  air.  Air  is  compressed  to 
200  atmospheres  per  sq.  in.  and  then  allowed  to  fall  to 
atmospheric  pressure  by  passing  through  a  valve.  It  there- 
fore drops  in  temperature  some  50°  C.,  and  is  then  led  to  an 
air-jacket  surrounding  the  air-pipe  leading  to  the  expansion 
valve.  The  next  supply  of  air  at  200  atmospheres  pressure 
thus  reaches  the  expansion  valve  some  50°  C.  below 
atmospheric  temperature,  and  when  this  second  quantity  is 
expanded  it  falls  a  further  50°  C.  It  is  then  led  to  the 
jacket  again,  and  by  this  compound  principle  a  very  low 
temperature  can  be  reached — sufficiently  low  to  liquefy  air. 


CHAPTER  V. 

THE  TRANSMISSION  OF  POWER  BY 
COMPRESSED  AIR. 

§  24.  Plant  required  for  Air-Power  Transmission. — 

Compressed  air  forms  a  convenient  medium  by  which 
mechanical  energy  can  be  transmitted  through  considerable 
distances  without  excessive  losses. 

The  machinery  necessary  consists  of — a  prime  mover  or 
engine  to  drive  the  compressing  mechanism ;  an  air-pump 
in  which  the  air  is  compressed ;  a  reservoir  in  which  to  store 
the  high-pressure  air  after  compression ;  piping ;  and  a 
motor  to  convert  the  potential  energy  of  the  air  back  into 
mechanical  work. 

§  25.  Losses  of  Work  in  Air  Compressor  and 
Motor. — In  an  ideal  air-compressing  plant  the  work 
necessary  to  be  done  by  the  prime  mover  in  compressing  air 
between  given  limits  of  pressure  p2  and  p3  and  discharging 
it  at  the  higher  pressure  would  be  that  represented  by  the 
area  1234  in  fig.  24,  where  23  is  an  isothermal  curve.  If 
there  were  no  losses  in  the  pipes  or  air-motor,  this  area 
would  represent  the  potential  energy  of  the  compressed  air 
which  could  be  obtained  from  the  air-motor  as  mechanical 
energy  by  making  it  pass  through  the  operations  4321  in 
the  reverse  direction. 

However,  for  the  curve  23  to  be  isothermal  it  would  be 
necessary  for  the  compression  in  the  pump,  and  the 
expansion  in  the  motor,  to  be  carried  out  very  slowly,  in 
order  that  the  necessary  amount  of  heat  to  keep  the  curve 
isothermal  might  be  taken  from  and  given  to  the  cylinder 
walls  of  the  pump  barrel  and  motor  cylinder  respectively. 
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Practically  compression  and  expansion  are  carried  out  too 
quickly  to  be  isothermal,  and  so  the  cycle  of  operations  of 
the  air-compressor  is  not  exactly  repeated  in  the  air-motor. 

If  compression  and  expansion  be  carried  out  very  quickly 
the  time  is  too  short  for  any  sensible  interchange  of  heat 
with  the  cylinder  walls,  and  hence  the  curves  of  compression 
and  expansion  will  approximate  to  adiabatic  curves,  as  shown 
at  2A  and  3B  in  fig.  24. 

The  work  necessary  to  be 
done  in  compressing  the  air 
is  thus  given  by  the  area 
12A4  in  practice,  while  the 
energy  obtainable  from  the 
air-motor  is  represented  by 
the  area  43B1 ;  for  the  air 
in  transmission  will  cool 
down  till  its  temperature  at 
3  is  the  same  as  that  of 
the  surrounding  atmosphere, 
which  is  at  the  temperature 
T2.  There  is  thus  a  loss  of 
work  in  the  transaction 
represented  by  the  area 
2A3B.  We  observe  this 
area  is  similar  to  the  Joule's  cycle  of  fig.  10,  and  so  we  can 
readily  calculate  the  extent  of  this  loss.  Evidently 

Loss  of  compression  =  Lc  =  area  2 A3  ; 

=  area  M2AN  + area  NA3L-area  M23L  ; 
=  K,(TA  -  T2)  +p,(  VA  -  V3)  -  CT2  loge  r  • 


FIG.  24.  —Showing  Losses  in  Air  Com- 
pression and  Expansion. 


where   r  is   the   ratio   of   isothermal   compression, 
for  T3  =  T2;  j93VA  =  CTA  and  £>3V3  =  CT3  ;  and  KP  =  E 

So  also  in  the  motor — 

Loss  by  expansion  =  LE  =  area  B32  ; 

=  area  M23L-area  B3LH-area  M2BH; 
-  CT2  loge  r  -  K,  (T8  -  TB)  -p2(  V2  -  VB) ; 
=  CT2loger-K,(T2-TB); 
/.    Total  loss  =  Lc  +  LE  =  KP(TA  +  TB  -  2T2). 

Now  since  2A  and  3B  are  adiabatic  curves  between  the 
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same  limits  of  pressure,  it  follows,  as  has  already  been  shown 
(§  13),  that 


where  R  is  the  ratio  of  adiabatic  compression  and  y  =1-408 
for  air. 

Hence  the  efficiency  of  power  transmission  due  to  com- 
pressor and  motor  alone  is  given  by 


arealB34 


KjCr.-r,) 

K,(TA-T2) 


T      T 


pA 


For  example,  if  air  be  compressed  from  1  to  4  atmospheres, 
the  efficiency  of  transmission  is  given  by 


67. 


TA  is  necessarily  a  high  temperature,  but  TB  is  often  below 
freezing.  Owing  to  moisture  in  the  air  passing  through  the 

plant,  this  low  tempera- 
ture would  in  time 
prevent  the  air  -  motor 
working  due  to  the  forma- 
tion of  ice  in  the  expan- 
sion cylinder.  To  prevent 
this  the  air  is  sometimes 
heated  before  entering 
the  expansion  cylinder 
by  means  of  steam  jets, 
or  some  form  of  "  pre- 
heater." 

Clearance     in     the 
r-  cylinders    is    also    pre- 
judicial to  the  efficiency 
of     compressing     plant. 
This  is  seen  in  tig.  25  by 

the  air  in  the  clearance  space  expanding  from  00  to  OB, 
due  to  its  own  elasticity  on  the  suction  stroke.  Hence  a 
smaller  quantity  of  atmospheric  air  is  drawn  in,  and  the 
pump  must  take  more  strokes  to  deal  with  the  same  quantity 
of  air,  with  a  resulting  greater  loss  by  friction. 


Stroke  Volume 

t~  Effective  Volume-^ 


Tearance* 
Volume  *| 

FIG.  25.— Effect  of  Clearance. 
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§  26.  Method  of  Reducing  Losses  during  Compres- 
sion and  Expansion. — As  has  been  pointed  out,  if  the 
curves  of  compression  and  expansion  in  compressor  and 
motor  can  be  made  isothermal,  the  energy  of  compression 
can  be  made  to  reappear  entirely  during  expansion  in  the 
air-motor,  and  then  the  efficiency  of  the  plant  will  be  unity. 
In  practice  the  compression  cannot  be  strictly  isothermal, 
owing  to  the  speed  of  the  operation ;  and,  in  fact,  if  no 
precautions  are  taken,  it  will  approximate  more  nearly  to 
adiabatic. 

To  prevent  as  far  as  possible  the  temperature  of  the 
air  rising  during  com- 
pression, water  may  be 
injected  into  the  com- 
pressing cylinder  with 
the  air,  and  in  this  way 
the  curve  of  compression 
which  would  be  repre- 
sented by 

pv  =  constant 
if  isothermal,  and  by 
pvl'm  =  constant 

if  adiabatic t  may  be  made 
to  lie  between  the  two. 
The  curve  will  then  be  '  v 

roughly  expressed  by  FlG-  26.— Work  saved  in  Compression 

with  Water  Injection. 
pv1"2  =  constant. 

The  saving  in  work  thus  obtained  will  be  represented  by 
the  shaded  area  2AD  of  fig.  26. 

A  considerable  saving  in  the  waste  of  power  may  also  be 
obtained  by  staging  the  compression  and  expansion  that  is 
carrying  out  the  total  range  of  compression  and  expansion 
by  increments  in  several  successive  cylinders,  the  air  being 
cooled  between  each  stage. 

The  effect  of  doing  this  in  three  stages  is  shown  by 
fig.  27,  where  23  represents  the  approximately  adiabatic 
compression  in  the  first  stage,  34  represents  the  cooling 
effect  before  the  air  is  compressed  again  adiabatically  in  the 
second  cylinder  during  45,  and  67  represents  the  compression 
in  the  final  cylinder  to  the  required  final  pressure.  The  air 


//  .  OF  THE 
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being  cooled  down  to  atmospheric  temperature  between  each 
stage,  the  points  2461  will  all  lie  on  one  isothermal ;  and 
the  saving  of  work  by  staging  the  adiabatic  compression 

instead  of  doing  all  the 
work  in  one  cylinder  will 
be  represented  by  the 
shaded  area  A34567. 

Water  may  also  be  in- 
jected into  each  cylinder 
during  compression,  and 
thus  the  curves  23,  45, 
67,  etc.,  may  each  be  made 
to  approach  the  isothermal 
more  nearly  than  the 
adiabatic,  with  a  resulting 
gain  of  work.  These 
principles  are  actually 
carried  out  in  such  air- 
compressors  as  Belliss', 
etc. 


FIG.  27.— Work  saved  by  "Stage" 
Compression. 


The  expansion  in  the  air-motor  may  be  staged  in  the  same 
way,  the  more  cylinders  employed  the  greater  being  the  gain 
from  a  thermo-dynamic  point  of  view,  as  then  the  more 
nearly  will  the  expansion  curve  approximate  to  the  iso- 
thermal. 

§  27.  Calculation  of  Work  done  during  Compres- 
sion arid  Expansion.  1.  Single-stage  Compression  and 
Expansion. — Suppose  air  be  drawn  in  at  a  pressure  pl  and 
absolute  temperature  Tv  and  compressed  to  a  final  pressure 
p2  according  to  the  law 

jpV"  =  constant, 

and  then  discharged  to  a  reservoir  at  the  higher  pressure. 

The  work  to  be  done  will  be  represented  by  the  area  12A4 
of  fig.  24. 


Now 
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n 


n-l 

n 


-1)  for^Y^Cl^; 


After  leaving  the  compressor   the  air  cools  down  in  the 

reservoir  to  the  atmospheric  temperature  T1?  and  the  volume 

P 


3    D      A 


FIG.  28. — Two-stage  Compression. 

V2  per  Ib.  becomes,  say,  only  v2  at  the  same  pressure  py 
Hence  when  this  air  is  made  to  do  work  in  a  motor,  we  get — 

Work  done  by  motor  per  Ib.  of  air 


n-l(        Vp2/ 
And  the  efficiency  of  the  plant  =  -==-• 

2.  Two-stage  Compression  and  Expansion. — In  this  case 
the  work  of  compression  and  discharge  will  be  represented 
by  the  area  125 6D4  in  fig.  28,  where  pz  is  the  final  pressure 


56          THERMO-DYNAMIC   PRINCIPLES   OF  ENGINE  DESIGN. 

of  air  required,  and  p2  is  the  pressure  at  the  end  of  the  first 
stage  of  compression.  The  work  area  can  evidently  be 
represented  by  the  sum  of  two  terms  similar  to  that  found 
for  a  single-stage  compressor.  Thus  — 

Work  of  compression  and  discharge  per  Ib.  of  air 


n-l\\p 
By  differentiation  this  work  (U)  is  a  minimum  when 

,^ln-l  !  «=-  - 

^    --"«  +P*H 


or  P2=     PiPz- 

Hence  for  least  work  the  ratios  of  compression  in  the  two 
stages  are  such  that 

Ihjh. 
Pz    Pi' 

and  the  volumes  of  the  two  compression  cylinders  are  then 
given  by 

L=a=  /& 

V2        Pi        V  Pi 

Also,  since 

V  -       n-!  T         '  v\  x"-1 

T  qrirl   £|        (Px\   n 

-d=    • 


T       T 
12_  fj 


that  is,  the  rise  of  temperature  during  compression  is  the 
same  for  each  stage  when  the  work  of  compression  is  a 
minimum  ;  for  between  each  stage  the  air  is  cooled  down  to 
the  atmospheric  temperature  Tr 

When  the  air  at  the  pressure  pB  and  temperature  Tl  is 
used  to  drive  a  motor,  working  in  two  stages,  the  work 
available  will  be  given  by 
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3.  Multiple-stage  Compression  and  Expansion.  —  If  the 
compression  and  expansion  be  carried  out  in  three  or  more 
stages,  the  same  conditions  hold  for  least  work  as  for  the 
two-stage  process ;  that  is  to  say,  we  must  have 


and  the  rise  of  temperature  during  each  stage  will  be  the 
same. 

Hence,  knowing  the  initial  and  final  pressures  (pl  and  pn) 
desired,  the  compression  pressures  for  the  intermediate 
stages  can  readily  be  obtained  from  the  above  equations,  and 
thus  the  actual  volumes  of  the  cylinders  themselves. 

§  28.  Loss  of  Work  due  to  Air  Mains. — To  cause  the 
now  of  air  in  the  pipes 
connecting  the  air-com- 
pressor or  reservoir  to  the 
motor,  there  must  be  a 
drop  of  pressure  in  the 
pipes.  Let  (/>4  —  p )  in 
fig.  29  be  this  fall  of  pres- 
sure. Then  considering  a 
single  -  stage  compressor 
and  motor,  2A  becomes 
the  curve  of  compression, 
and  db  the  expansion 
curve  for  the  motor  instead 
of  3B.  Hence  the  shaded 
area  represents  work  y 

gained  in  the  motor;  but         FIG.  29. —Loss  of  Work  in  Pipes, 
the  work   represented   by 

cd34:  is  lost,  and  this  work  lost  will  be  found  to  be  greater 
than  the  amount  gained.  The  actual  values  of  these  areas 
can  be  readily  calculated  by  the  formulae  already  given,  and 
may  be  left  as  an  exercise  to  the  reader.  Evidently 


B   b 


'/mains  = 


area  cabl 
area<%s21 
ca2l 
4321* 


^compressor 


_  area  4321 

)mpres80r~arealA2l; 


area  cabl 
?7motor~area4A21' 
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It  should  be  noted  from  the  above  that  frictional  losses 
due  to  the  flow  of  air  through  pipes  are  not  dead  losses,  as  is 
the  case  with  water  transmission,  as  the  friction  raises  the 
temperature  of  the  air  and  increases  its  internal  energy. 
The  velocity  of  air  transmission  can  be  from  30  to  50  feet  a 
second  as  compared  with  6  feet  a  second  for  water,  for  the 
same  loss  by  friction. 


CHAPTER  VI. 


THE   RECIPROCATING  STEAM-ENGINE. 

29.  Calculation  of  Heat  received  and  Work  done 
y  the  Steam  in  an  Engine  Cylinder.  —  Suppose  an 
engine  cylinder  contains  a  volume  S  of  water  upon  which 
rests  a  piston  weighing  p  Ibs.  per  unit  area.  Let  heat  be 
supplied  to  the  cylinder  until  all  the  water  is  evaporated. 
As  steam  is  formed  the  piston  will 
rise  until  the  steam  finally  occupies 
some  volume,  say  V.  The  external 
work  done  by  the  steam  will  be 
measured  by  the  product 

p  x  area  of  the  piston  x  (V  —  S). 

If  v  and  s  represent  the  volumes 
per  Ib.  of  steam  and  water  under  these 
conditions,  the  work  done  per  Ib.  of 
steam  will  be  given  by 

p(v  —  s)  =  pu  (say). 

The  total  heat  supplied  to  do  this 
work  will  be  the  amount  of  heat  neces- 
sary to  raise  1  Ib.  of  the  water  to  the 

evaporation  temperature  corresponding  to  the  pressure  p, 
plus  the  amount  of  heat  required  to  evaporate  it  at  this 
temperature.  Calling  these  quantities  H,  h,  and  L  re- 
spectively, we  get 


Fm.  30. 


or  if  each  Ib.  of  water  has  only  a  fraction  q  evaporated, 
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For  every  pressure  there  is  a  corresponding  temperature 
when  the  steam  is  just  dry  and  saturated,  and  it  is  found 
that  for  any  temperature  t  on  the  Fahrenheit  scale 


and  L=1114--695* 

for  dry  steam. 

We  can  represent  these  results  very  clearly  by  the 
graphical  method  given  in  Chapter  I. 

Referring  to  fig.  31,  let  A  be  the  state  of  the  water  in  the 
cylinder  initially.  Then  AC  will  represent  the  rise  of 
temperature  and  pressure  of  the  water  as  heat  is  supplied, 


M 


V         £  f  X 

FIG.  31. 

and  CB  the  evaporation  of  the  water  at  constant  pressure. 
The  heat  received  during  the  operations  ACB  will  be  repre- 
sented by  the  area  MACBN,  where  BN  and  AM  are  adiabatic 
curves  drawn  from  B  and  A  (see  §  4),  and  the  external  work 
done  by  the  area  CBFE. 

/.  Area  MACBNWi  +gvL  ; 

area  OBFE-p^g/17  ~^ ; 

and  the  change  of  intrinsic  energy  from  the  state  A  to  the 
state  B  is  given  by 

IB-IA  =  area  NBFX-area  MAEX 

J 
where  J  represents  "Joule's  equivalent." 
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Hence  to  find  the  change  of  intrinsic  energy  between  two 
states,  calculate  the  intrinsic  energy  in  each  state  from 
water  at  32°  F.,  and  subtract. 

In  actual  engines  it  is  not  convenient  in  practice  to 
evaporate  water  in  the  cylinders  themselves,  so  evaporation 
is  performed  in  a  separate  boiler,  and  the  steam  led  to  the 
cylinders  after  formation.  The  heat  supply  will  be  identical, 
neglecting  losses,  wherever  the  steam  is  formed,  so  that  the 
observation  of  this  practical  necessity  will  not  alter  the  heat 
account. 

Consider,  therefore,  the  indicator  diagram  obtainable  from 
an    engine    cylinder 
when  steam  is  thus 
supplied,  as  shown  in 
fig.  32. 

For  economy,  the 
steam  supply  is  usu- 
ally cut  off  after  a 
portion  of  the  piston 
stroke,  as  shown  at  1  ; 
and  then  the  steam 
expands  owing  to  its 
own  elasticity,  for 
the  remainder  of  the 
stroke,  as  shown  at 
12.  The  heat  re- 
ceived during  AC1 

we  have  just  seen  how  to  calculate,  and  are  now  only  con- 
cerned with  the  quantity  of  heat  supplied  during  12. 

Suppose  the  expansion  12  be  hyperbolic.  Then  at  any 
point  of  the  expansion 


FIG.  32. 


Now, 


pqv  =  constant. 

Heat  received  during  12 
=  Intrinsic  energy  of  the  steain  at  2 
+  Work  done  between  the  states  1  and  2 
—  Intrinsic  energy  of  the  steam  at  1 


neglecting  s,  which  is  small. 
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This  measures  the  heat  that  must  be  given  to  the  steam 
during  expansion  by  the  cylinder  jackets. 

Next  suppose  the  expansion  curve  12  is  a  dry  and  saturated 
steam  curve. 

For  dry  steam  it  is  found  that 


when  p  is  measured  in  Ibs.  per  sq.  in.  and  v  in  cub.  ft.,  gives 
approximately  the  curve  of  expansion.  Hence  the  heat  re- 
ceived during  12 


Finally,  suppose  the  steam  expand  adiabatically  in  a  non- 
conducting cylinder. 

The  expansion  curve  for  steam  expanding  in  this  manner 
is  approximately  given  by 

pvn  =  constant 
when  n  =  1*035+^,  if  the  steam  be  not  too  wet,  and  ql  is 

the   dryness   fraction   at   the  commencement  of  expansion. 
Hence  now 

Heat  received  during  12  =  0 


from  which  we  can  find  q2  the  dryness  fraction  at  the  end 
of  expansion,  when  q1  is  known. 

If  the  three  curves  of  expansion  be  plotted  on  a  volume 
base,  they  will  be  as  shown  in  fig.  32,  when  the  pressure 
and  volume  at  the  commencement  of  expansion  is  the  same 
in  each  case.  It  should  be  observed  that  since  the  volume 
is  least  for  any  given  pressure  when  the  expansion  is  adia- 
batic  and  »=1*35  (when  ^  =  1),  that  is  when  no  heat  is 
supplied  during  the  expansion,  the  steam  must  get  wetter 
as  it  expands  than  when  the  expansion  is  dry  and  saturated 
and  7fc  =  r06.  Also,  when  the  expansion  is  hyperbolic  and 
7i  =  l,  the  steam  will  get  drier  and  may  be  superheated  even 
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at  the  end  of  expansion.  Hence  both  for  dry  and  saturated, 
and  for  hyperbolic  expansion,  heat  must  be  given  to  the 
cylinder  by  some  form  of  steam  jacket  during  the  expansion. 
§  30.  Calculation  of  Work  done  from  Actual 
Indicator  Diagrams. — Let  the  shaded  area  of  fig.  33  be  an 
indicator  diagram  taken  from  the  cylinder  of  a  direct-acting 
steam-engine.  The  pressure  per  unit  area  driving  the  piston 
at  any  point  of  the  stroke  is  given  by  the  ordinate  of  the 
diagram  at  the  point  considered.  For  calculation  purposes 
it  is  necessary  to  find  the  mean  pressure  which,  acting 
throughout  the  stroke,  will  give  the  same  work  as  that 
P 


FIG.  33. 

actually  performed.  This  mean  pressure  (pm)  can  be  found 
by  measuring  the  area  of  the  indicator  diagram  by  a 
planimeter  and  dividing  by  the  length  of  the  diagram,  or 
else  by  drawing  a  number  of  ordinates  at  equal  distances 
apart  on  the  diagram  and  finding  the  mean  length  of  these 
ordinates. 

The  work  done  per  stroke  of  the  piston  will  then  be 
simply  (pmA.  x  I),  where  I  is  the  stroke  and  A  the  area  of  the 
piston. 

If  the  engine  be  double-acting,  the  work  per  revolution 
will  be  2pmA..l. 

Hence  the  indicated  horse-power  of  such  an  engine  will  be 
given  by  the  formula 

THp_2pBl.A.JxN 
Lajr'"    "33000""'1 
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where  N  is  the  number  of  revolutions  per  minute,  I  is  the 
length  of  stroke  in  feet,  and  pmA  is  the  load  on  the  piston 
in  Ibs.  ;  since  one  horse-power  is  the  rate  of  doing  33,000 
foot-lbs.  of  work  in  one  minute. 

In  designing  an  engine  cylinder  to  produce  a  given  horse- 
power, with  a  given  initial  steam  pressure  pl  at  admission,  a 
given  point  of  steam  cut-off  in  the  cylinder,  and  a  known 
number  of  revolutions  and  length  of  stroke,  we  have  to  find 
the  area  of  the  cylinder.  To  do  this,  the  mean  pressure 
necessary  throughout  the  stroke  must  be  obtained,  p  is  not 
known  ab  initio,  but  it  can  be  found  as  follows  :  — 

Draw  the  theoretical  diagram  for  the  given  steam  pressure 
pv  cut-off,  etc.,  round  the  actual  diagram  of  fig.  33,  as  shown 
dotted. 

Then  the  theoretical  mean  pressure  (j?M)  is  given  by 

(clearance  +  stroke  volume) 

=PlX  cut-off  volume  /1  +  log<  clearance  +  stroke  vol. 
\  cut-off  vol. 


p 

where 

-p^_  clearance  +  stroke  volume 
cut-off  volume 

and  the  expansion  during  12  is  assumed  to  be  hyperbolic. 
It  is  found  by  experience  that  for  all  engines  of  a  similar 
type,  the  ratio 

Pm'P 

is  practically  a  constant.  Hence  knowing  plt  etc.,  we  can 
calculate  p-^,  and  so  obtain  pm  and  thence  the  cylinder  area 
required  by  substituting  the  known  data  in  the  formula  for 
the  indicated  horse-power.  For  single-cylinder  condensing 
engines  with  a  ratio  of  expansion  given  by  E  =  about  1*6, 

^  =  •45. 

PM 

This  gives  approximately  the  true  mean  pressure  obtained 
during  the  stroke.  It  should  be  noted  that  pm  is  the  mean 
pressure  during  the  stroke  volume  only,  while  pu  is  the 
mean  pressure  for  the  stroke  volume  plus  the  clearance 
volume. 
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§  31.  Combined  Indicator  Diagrams.  —  In  large  en- 
gines it  is  more  economical,  for  practical  reasons,  to  expand 
the  steam  in  stages  in  successive  cylinders,  than  to  expand 
it  completely  in  one  cylinder.  The  range  of  temperature  in 
each  cylinder  between  the  temperatures  of  the  admission 
and  exhaust  steam  is  thus  less  than  if  the  whole  expansion 
were  carried  out  in  one  cylinder,  and  so  less  loss  by  condensa- 
tion takes  place.  For  least  loss  the  total  temperature  range 
in  each  cylinder  should  be  the  same.  The  total  work  done 
is  the  same  whether  the  expansion  is  carried  out  in  stages 
in  a  number  of  separate  cylinders  or  all  at  once  in  one 
cylinder,  so  long  as  the  total  ratio  of  expansion  is  the  same. 
Thus  the  combined  diagrams  of  a  three-cylinder  triple 
expansion  engine  would  be  as  shown  in  fig.  34;  and  for  a 
given  initial  pressure  OA  and  cut-off  volume  AB,  the 
theoretical  work  area  OABDL  will  be  unaltered  no  matter 
how  many  stages  it  is  performed  in,  so  long  as  the  ratio  of 
the  volume  OL  to  the  volume  AB  is  unaltered.  The  actual 
indicator  diagrams  from  the  high-pressure,  intermediate,  and 
low-pressure  cylinders,  when  drawn  to  the  same  scales  of 
pressure  volume,  will  be  somewhat  as  shown  shaded  in  the 
figure,  where  OCH  is  the  clearance  volume  and  CnH  is  the 
stroke  volume  of  the  high-pressure  cylinder;  and  OC^  and 
Cjl,  and  OCL  and  CLL,  the  corresponding  volumes  for  the 
intermediate  and  low-pressure  cylinders. 

The  mean  pressure  pm  which,  acting  throughout  the  stroke 
volume  of  the  low-pressure  cylinder  (i.e.  along  CLL),  would 
give  the  same  work  as  is  represented  by  the  three  actual 
indicator  diagrams,  can  easily  be  found  by  measuring  their 
area  with  a  planimeter. 

The  theoretical  mean  pressure  pM,  which  will  be  repre- 
sented by  the  mean  height  (PQ)  of  the  area  OABDL,  is  given 


where        H- 

AB 

volume  of  L.P.  cylinder 
and  r  —  —  -  --  J        —  : 

volume  of  H.P.  cylinder 

_  cut-off  volume  of  H.P.  cylinder  t 
"stroke  volume  of  H.P.  cylinder  ' 

5 
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_  clearance  volume  of  H.P.  cylinder 

stroke  volume  of  H.P.  cylinder 
_  clearance  volume  of  L.P.  cylinder 
L       stroke  volume  of  L.P.  cylinder    ' 


FIG.  34. — Combined  Indicator  Diagrams  from  a  Triple  Expansion  Engine. 
Scales:  1  cm.  =2  cub.  ft.  volume  =  10  Ibs.  pressure  per  sq.  in. 

In  modern  triple  expansion  engines  when  pl  is  from  200 
to  250  Ibs.  per  sq.  in.,  r  is  usually  about  7.  It  is  then  found 
that  by  taking  CH  and  CL  equal  to  25  per  cent,  and  15  per 
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cent,  respectively,  that  for  a  given  cut-off  (m),  not  outside 
the  limits  of  65  per  cent,  to  75  per  cent,  of  the  stroke,  the 
ratio  of  pm  to  p^  as  found  above  is  practically  constant,  and 
is  given  by 

— -0-49. 


The  factor  049,  known  as  the  design  factor,  is  thus  greater 
for  a  three-cylinder  than  for  a  single-cylinder  engine,  which 
is  due  to  the  greater  economy  of  the  former  type. 

In  engine  design  we  start  with  p^  and  R  as  the  known 
quantities  and  so  obtain  _pM,  and  then  take  pm  as  *49PM. 
Having  thus  found  pm  we  can  at  once  get  the  area,  and  hence 
the  volume,  of  the  low-pressure  cylinder  required  for  a  given 
power  by  substituting  for  pm  in  the  indicated  horse-power 
formula.  The  volume  of  the  high-pressure  cylinder  will 

then  be  —  ,  say  -^-th,  of  this,  and  the  volume  of  the  inter- 
mediate cylinder  is  then  about  —  =  ,  i.e.  —~  ,  say,  of  the  low- 

v  1*  v  ' 

pressure  cylinder  volume,  for  this  ratio  of  cylinder  volumes 
has  been  found  to  give  in  practice  about  an  equal  range  of 
temperature  in  each  cylinder. 

§  32.  Calculation  from  Actual  Indicator  Diagrams 
of  the  Transfer  of  Heat  between  the  Steam  and 
Cylinder  Walls.  Hirn's  Analysis.  —  Hirn's  analysis  gives 
a  method  by  which  we  can  calculate  the  quantity  of  heat 
given  to  or  taken  from  the  cylinder  walls  by  the  steam 
during  any  portion  of  the  cycle  of  operations  through  which 
it  passes. 

Suppose  we  have  an  actual  indicator  diagram  as  abed. 
Let  0123  be  the  points  of  admission,  cut-off,  release,  and 
compression  respectively,  and  let  a  represent  the  operation 
from  0  to  1,  1}  that  from  1  to  2,  and  so  on. 

Then  during  any  operation  it  follows  :  — 

f  The  work  done  by  the  steam 
The  heat  received  from  +***''  °f  it8  i 


external  sources         J        j  +any     g^    given     to     the 

L        cylinder  walls. 
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Let  h  =  thQ  sensible  heat  of  water  from  32°  F. ; 
L  =  latent  heat  at  any  temperature  ; 

p  —  the  internal  energy  of  evaporation  =  ~L—^V~~  ' ; 

J 

q  =  the  dryness  fraction  at  any  point; 

wc  =  ih&  weight  of  the  cylinder  cushioning  steam; 

wf=ihe  weight  of  feed  water  used  per  stroke; 

U  =  the  work  done  by  the  steam  during  any  operation  ; 

Q  =  the  heat  given  to  the  cylinder  walls  during  the 

same  operation. 

Then  if  symbols  without  suffices  refer  to  boiler  steam,  and 
those  with  suffices  to  the  points  0,  1,  2,  3  on  the  diagram,  we 


FIG.  35. 

shall,  on   the  assumption  that  the   expansion   during   b  is 
adiabatic,  obtain  the  following  results  :  — 

From  Q  to  I: 
Heat  received  from  32°  F.  =  w/A  +  2L)  =  Ua 

+  (Wf+  WcX^i  +  01/Oj)  -  ^c<A)  +  £oA))  +  Qa  ; 

From  I  to  2  : 
*  Heat  received  =  0  =  U&  +  (wf+  w^)( 


From  2  to  3  : 
Heat  received  =  —c(tf—ti)=  — 


*  NmB.—  For  a  jacketed  engine  we  must  write  Qj  for  0  on  the  left-hand  side 
of  the  equation. 


THE   RECIPROCATING   STEAM-ENGINE.  69 

where  c  represents  the  Ibs.  of  condenser  circulating  water  per 
stroke  ;  t{  and  tj  the  initial  and  final  temperatures  of  the 
circulating  water  as  it  passes  through  the  condenser  ;  and  t± 
the  temperature  of  the  condensed  steam. 

From  3  to  0  : 
Heat  received  =  0  =  -  Ud  +  wc(h0  +  qQpo)  -  wc(hs  +  qBp3)  +  Qd. 

We  write  —  Uc  and  —  Ud,  since  this  work  is  not  done  fo/  the 
steam,  but  on  it. 

Summing  up  all  the  heat  received,  we  get  — 


In  the  actual  problem,  wf)  c,  tf,  ti}  and  t±  can  be  directly 
measured  by  suitable  apparatus.  From  the  indicator  diagram, 
Ua,  U6,  UCJ,  and  U^  —  that  is,  the  external  work  done  by  the 
steam  during  any  portion  of  the  piston  stroke  —  can  be 
obtained,  h,  p,  and  L  are  obtained  from  steam  tables  when 
the  pressure  of  the  boiler  steam  is  known  ;  q  can  be  measured 
by  a  suitable  dryness  fraction  calorimeter. 

Hence  to  obtain  Qa,  Q6,  etc.,  the  only  remaining  quantities 
to  be  determined  are  wa  q0,  qv  qz,  and  q3  Let  u  be  the 
volume  of  the  cylinder  at  any  point,  and  let  v  be  the  specific 
volume  of  1  Ib.  of  steam  at  any  given  pressure.  Then  — 


0 
uz  ;     (wf+  wc)q2v2  =  u2  ; 

for  at  the  points  0  and  3  there  is  only  the  cushion  weight  of 
steam  in  the  cylinder. 

There  are  thus  four  equations  from  which  to  find  five  un- 
knowns. Hence  an  assumption  must  be  made.  If  the  clear- 
ance and  amount  of  cushioning  in  the  cylinder  be  small,  we 
can  assume  wc  =  Q  ',  but  usually  a  truer  assumption  to  make 
will  be  to  write  qz  =  1  —  that  is,  assume  the  steam  dry  at  the 
point  of  compression. 

We  now  have  a  sufficient  number  of  equations,  and  hence 
can  find  Qa,  Q6,  Qc,  and  Qd  from  the  original  equations  given. 
Evidently  if  the  cylinder  be  unjacketed  the  sum  Qa-f-Q& 
•f  QC+QU  must  be  positive,  as  it  must  represent  the  loss  by 
conduction  and  radiation  from  the  cylinder  walls.  If  the 
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cylinder  be  jacketed,  we  must  write  Qj  for  0  in  the 
second  equation,  where  Qj  is  measured  by  the  amount 
of  water  drained  from  the  jacket  multiplied  by  the  latent 
heat  of  the  steam  at  the  temperature  of  condensation  in 
the  jacket. 

§  33.  Indicated  Steam  Consumption  in  an  Engine 
Cylinder. — The  weight  of  steam  used  per  stroke  in  an 
engine  cylinder  can  be  calculated  from  the  engine  indicator 
card,  on  the  assumption  that  the  steam  at  the  points  of 
cut-off  and  compression  is  dry  and  saturated.  Consider 


FIG.  36. 

the  indicator  card  shown  in  fig.  36.  Let  00  represent 
the  clearance  volume  of  the  cylinder  and  OH  the  stroke 
volume.  Let  AB  be  the  volume  of  steam  in  the  cylinder 
at  the  point  of  cut-off,  and  through  B  draw  a  dry  arid 
saturated  steam  curve  BS  for  the  total  steam  in  the 
cylinder.  To  take  account  of  the  clearance  steam  which 
is  shut  into  the  cylinder  during  compression,  and  is  there- 
fore present  at  admission  on  the  next  stroke,  draw  a 
dry  and  saturated  steam  curve  DE  through  the  point  of 
compression  D. 

AB  is  then  the  volume  of  total  dry  steam  in  the  cylinder 
at  cut-off,  and  AE  is  the  volume  of  dry  clearance  steam  in 
the  cylinder  at  this  point.  Hence  EB  is  the  volume  of  the 
working  steam  which  passes  through  the  cylinder  per  stroke. 
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Hence 

The  indicated  weight  of  1      f       Volume  of  steam  EB 


steam  used  per  stroke  V  =  ^  Volume  of  1  Ib.  of  dry  steam 
in  Ibs.  J       [        at  the  pressure  EB. 

If  the  actual  expansion  curve  of  the  indicator  diagram 
be  as  BG,  we  can,  by  measuring  the  ratio  of  several  such 
points  as  E'B'  to  E'S7,  tell  whether  the  steam  in  the  cylinder 
is  drying  or  the  reverse  during  expansion. 

If  the  steam  be  wet  at  cut-off,  we  cannot  get  the  true 
consumption  of  steam  per  stroke;  but  if  we  have  some 
means  of  measuring  the  actual  weight  of  feed  water  used 
per  stroke  we  can  plot  a  dry  steam  curve  S1S2  for  this 
actual  weight,  and  then  the  ratio  of  the  volume  EB  of 
working  mixture  in  the  cylinder  to  the  volume  ES  of 
measured  dry  feed  steam  at  the  same  pressure,  will  be  the 
dryness  fraction  of  the  cylinder  steam  at  that  point.  All 
this  assumes  the  clearance  steam  dry  throughout  the  ex- 
pansion, for  we  have  measured  our  volumes  from  the  dry 
steam  curve  DE.  It  would  probably  be  more  correct  to 
assume  that  the  steam  in  the  clearance  space  was  in  the 
same  state  as  that  in  the  cylinder  at  every  point  during 
expansion.  The  point  E  would  then  have  to  be  set  back  to 
E1?  so  that 

AE1:AE  =  EB:ES1, 

and  then  the  more  accurate  dryness  fraction  at  B  would  be 

,      KB 
given  by 


It  should  be  noted  that  when  the  diagrams  from  several 
cylinders  are  combined,  as  in  fig.  34,  we  cannot  draw  one 
single  continuous  dry  saturation  steam  curve  for  all  the 
cylinders,  as  the  total  steam  expanding  in  each  cylinder  is 
different  owing  to  the  clearance  volumes  of  each  cylinder 
being  different. 

Hence  a  separate  saturation  curve  must  be  drawn  for 
each  diagram,  unless  the  diagrams  be  "set  back"  and  the 
effect  of  clearance  eliminated,  in  which  case  one  continuous 
dry  steam  curve  can  be  drawn  for  the  working  steam  which 
passes  through  all  the  cylinders  in  turn,  and  so  is  therefore 
of  constant  quantity. 

This  "setting  back"  is  effected  by  drawing   compression 
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curves,  such  as  DE  in  fig.  36,  through  the  point  of  compres- 
sion of  each  diagram  in  fig.  34,  and  then  setting  back  all 
such  points  as  E  and  E'  (fig.  36)  until  they  coincide  with 
the  zero  volume  line  OA,  and  every  point  on  the  expansion 
curves,  as  BB',  the  same  amount  at  the  corresponding 
pressure.  Thus  new  curves  of  expansion  are  obtained  for 
each  cylinder,  and  now  the  volume  of  steam  measured  from 
the  zero  line  OA  to  these  curves  at  any  pressure  will  give 
the  volume  of  the  "  working  steam  "  passing  through  all  the 
cylinders  in  turn  at  that  pressure. 


CHAPTER  VII. 

UNRESISTED   EXPANSION,  AND   FLOW 
THROUGH  ORIFICES. 

§  34.  Effect  of  Unresisted  Expansion. — So  far  we 
have  assumed  that  when  any  gas  has  passed  through  any 
cycle  of  operations,  its  expansive  force  has  at  every  point 
been  exactly  balanced  by  external  resistances. 

If  a  substance  be  allowed  to  expand  without  overcoming 
resistance  and  doing  external  work,  the  energy  of  expansion 
becomes  available  for  other  purposes.  It  may  simply  appear 
as  kinetic  energy  in  the  substance  itself,  as,  for  instance, 
when  steam  escapes  from  a  boiler  through  an  orifice  into 
the  air.  Here  energy  appears  first  as  a  violent  agitation  of 
the  particles  of  the  substance,  and  ultimately,  as  the  motion 
subsides,  the  kinetic  energy  of  the  motion  reappears  in  the 
form  of  heat.  The  available  energy  may  also  be  utilised 
to  increase  the  velocity  of  flow  of  the  substance,  as  in  the 
case  of  gases  flowing  through  pipes,  or  yet  again  to  overcome 
frictional  resistances  of  pipes,  etc. 

If  the  expansive  energy  of  the  substance  were  developed 
in  some  form  of  motor  cylinder,  we  could,  by  the  methods 
already  discussed,  calculate  the  work  that  could  be  done 
on  external  objects  by  the  substance  when  the  conditions 
under  which  the  operations  took  place  and  the  initial  and 
final  states  of  the  substance  were  known. 

If  no  motor  be  used,  then  this  same  amount  of  work  will 
generate  kinetic  energy  in  the  substance,  which,  if  not  used 
to  cause  flow  or  overcome  frictional  resistances,  will  finally 
reappear  as  heat  in  the  substance.  (The  terminal  state 
would  not  be  reached  until  temperature  equilibrium  had 
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been  reached.)  Hence,  using  a  motor,  the  substance  will  be 
in  a  certain  state  at  the  final  pressure ;  while  when  no  motor 
is  used,  the  substance  will  be  in  a  higher  state  at  the  same 
terminal  pressure.  This  is  true  of  all  substances,  whether 
heat  is  received  or  not,  during  their  passage  through  the 
expansion  nozzle.  It  is,  in  fact,  simply  the  statement  of 
the  First  Law  of  thermo-dynamics  on  the  assumption  that 
there  is  no  energy  of  motion  either  before  or  after  the 
unresisted  expansion. 

We  must  therefore  find  out  how  much  work  the  sub- 
stance could  do  if  it  expanded  in  a  motor  under  the  given 
conditions,  and  also  find  the  final  state  of  the  substance 
under  these  conditions.  We  can  then  deduce  its  final  state 
when  the  expansion  is  unresisted. 

§  35.  Increase  of  Thermal  State  due  to  Unbalanced 
Expansion. — The  two  most  common  cases  of  unbalanced 
expansion  are: — 

(1)  When  steam  or  gas  escapes  from  a  region  of  constant 
pressure  to  another  region  of  lower  constant  pressure,  as  in 

wire  -  drawing  at  the 
throttle  valve  of  a 
steam-engine,  or  at  the 
expansion  valve  of  a 
refrigerator. 

(2)  When  steam  or 
gas  is  discharged  from 
a  vessel  of  constant 
volume  into  a  region  of 
constant  pressure,  as 
when  steam  exhausts 
from  an  engine  cylinder 
into  a  receiver. 

The  difference  be- 
tween the  two  cases  is, 
that  in  the  first  the 
substance  is  continuously  supplied  at  the  higher  pressure, 
while  in  the  second  case  there  is  only  a  given  volume  of 
the  substance  to  expand.  Consider  case  (1).  Imagine  the 
substance  to  flow  along  a  pipe  at  pressure  plt  represented  by 
OA  in  fig.  37,  and  to  leave  it  at  pressure  pz,  given  by  OD. 
Assume  the  reduction  in  pressure  takes  place  at  the  valve 
without  receiving  or  rejecting  heat,  i.e.  adiabatically. 


FIG.  37. 
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Suppose  the  reduction  in  pressure  had  been  effected  in  a 
motor  cylinder  without  clearance ;  then  the  work  done  in  the 
motor  would  have  been  the  area  A  BCD.  At  the  lower  pressure 
P2,  the  point  C  in  the  diagram  gives  the  final  state  of  the 
substance  under  these  conditions.  Now  if  the  expansion  be 
unresisted,  the  state  will  not  be  C  but  E  where  the  area 
MCEN  (representing  the  heat  received  during  CE)  is  equal 
to  the  area  ABCD. 

If  the  unbalanced  expansion  be  not  adiabatic,  then  the 
state  will  not  be  E,  but  will  be  a  higher  or  lower  state, 
though  always  at  the  pressure  p2,  according  as  heat  is  received 
or  rejected  at  the  expansion  valve. 

Apply  these  principles  to  the  unresisted  expansion  of  a 
perfect  gas. 

For  a  perfect  gas 

pV  =  CT  and  pV?  =  constant, 

TT 

where  y  =  — £  when  the  expansion  is  adiabatic. 
Kv 

y 
If  the  ratio  of  adiabatic  expansion  K  is  given  by  — %  we 

T         1 

know  -f  =  — —  ,  and  thus  the  temperature  at  the  pressure 

IB      J& 

OD,  if  a  motor  were  used,  is  at  once  found. 

The  temperature  TE,  which  the  gas  actually  acquires  when 
the  expansion  is  unresisted,  is  given  by 

K,,(TE-TC)  =  area  ABCD; 


Hence 

Therefore  when  a,  perfect  gas  is  wire-drawn  from  one  pressure 
to  a  lower  one  without  gain  of  kinetic  energy,  the  tempera- 
ture is  unaltered  after  expansion. 

Next  consider  case  (2),  where  only  a  certain  mass  of  fluid 
is  allowed  freely  to  expand.  Let  its  initial  state  be  repre- 
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sented  by  B  in  fig.  38  ;  then  if  the  substance  were  expanded 
in  a  motor  the  nett  work  it  could  do  would  be  represented 
by  the  area  BGC,  which  is  obviously  much  less  than  in  case 
(1).  Hence  if  expansion  be  unresisted,  the  final  state  E  of 
the  substance  is  obtained  by  making  the  area  MCEN  equal 
to  BGC,  where  EN  and  CM  are  adiabatic  curves  drawn  to 
infinity  through  E  and  C. 

If  the  expansion  from  the  vessel  of  constant  volume  be 
carried  to  its  limit,  E  will  not  only  denote  the  state  of  the 

substance  which  has 
escaped  but  also  of  that 
in  the  receiver  itself. 

§  36.  Discharge 
through  Orifices.  —  As 
has  just  been  pointed 
out,  in  all  cases  where  un- 
resisted expansion  takes 
place  from  a  region  of 
constant  pressure  to 
another  of  lower  pressure, 
the  work  area  ABCD 
of  fig.  37  is  available 
to  (a)  cause  increase  of 
kinetic  energy  in  the 
substance;  (5)  do  work 
against  gravity  ;  (c)  do 
work  in  overcoming  frictional  resistances. 

In  considering  the  discharge  through  orifices  we  can 
neglect  (6)  and  (c)  in  the  case  of  gases  or  steam,  as  they  are 
very  small  compared  to-(a),  though  in  the  case  of  such  fluids 
as  water  or  oil  this  would  not  be  justifiable. 

Approximately,  therefore,  for  gases  and  steam  we  may  write 

Area  ABCD  of  fig.  37  =  Increase  of  kinetic  energy 


FIG.  38. 


where  o^   and   <r2  are 
pressures  are  pl  and 


the  velocities  of   the  gas  where  the 
p2.     Usually  ^  is  very  small  compared 


to  o-,  so  we  can  write 


Area  ABCD  =  ? 
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This  velocity  <r2  in  general  will  eventually  subside  at  a 
certain  distance  from  the  orifice  of  discharge,  and  the  kinetic 


energy  (-3-1   will  again  be  converted  into  heat,  unless  the 
\  2g/ 

discharge  be  used  to  produce  flow  in  pipes,  etc.  In  order 
to  find  o-2  we  must  know  the  nature  of  the  expansion 
curve  BC. 

§  37.  Hyperbolic  Discharge  through  Orifices. — 
Suppose  that  the  curve  of  expansion  BC  is  given  by 

pxu  =  constant, 

which  means  that  the  expansion  in  the  discharging  orifice 
is  isothermal  in  the  case  of  a  perfect  gas,  and  hyperbolic  in 
the  case  of  steam  or  other  vapours. 

We  then  have 

2       n.  v 

Area  ABCD  =  -2-  =  I  udp=p,u,  \ose±-±  .     (1) 

2g    Jz  p2 

If  (a)  be  the  contracted  area  of  the  issuing  jet  at  which 
the  pressure  is  uniform  and  equal  to  p^  and  if  W  be  the 
discharge  in  Ibs.  per  second,  and  uz  the  volume  per  Ib.  of  the 
gas  at  the  pressure  p2 ;  then,  evidently — 

'P{uv  loge-^-1  from  (1) 


AogTi 
^  M    ~  PZ 


For  a  given  initial  pressure  p±  and  volume  u^  per  Ib.,  this 
expression  is  a  maximum  when 


/ ~P 

I  ^ge  — 

V      Pi 


'2       2       /lrtr*  ^       ~^2 


or 

as  found  by  differentiating  expression  (2). 

Substituting  for  ^ ,  we  then  get  the  maximum  discharge 

Pi 
given  by 
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That  there  must  be  a  maximum  theoretical  discharge  for 
some  particular  value  of  *J  is  obvious  when  we  consider  that, 

Pl  i 

though  cr2  will  increase  with  the  drop  in  pressure,  yet  —  , 

U2 

that  is,  the  weight  per  cub.  ft.  of  the  gas,  will  decrease  as  p2 
decreases,  which  will  limit  the  flow. 

Let  us  apply  the  above  results  to  some  particular  cases. 
Take  air,  for  instance,  where  for  hyperbolic  flow 


Tj  being  measured  on  the  absolute  temperature  scale. 
Then 


„,.  i.    ,, 

Winax.  =  —  ^-  Ibs.  per  second; 

V1! 

and  the  corresponding  velocity  of  discharge,  er2,  is  given  by 


/o  i     Pi        /2#x53-2T1     „  ,    /7F  ., 

o"2  — \/  Bop,!*,  logp  =  \/  -  -1=41'4A/T1  ft.  per  sec. 

^2  2 

Or,  again,  take  the  case  of  rfry  steam,  where  for  hyperbolic 
expansion 

plul  =  2532'  per  lb.  of  steam. 

Then 

Wmax.= 
and 


<r2—  y -. =  1435  ft.  per  second. 

If  a  be  measured  in  square  inches,^  must  be  taken  as  the 
pressure  per  square  inch ;  and  if  a  is  in  square  feet,  then  pl 
must  be  the  pressure  per  square  foot. 

§  38.  Discharge  of  Gases  through  Orifices  with  any 
Type  of  Expansion. — Suppose,  now,  instead  of  hyperbolic 
discharge,  the  gas  expands  as  it  passes  through  the  orifice 
according  to  the  law 

pun  =  constant, 
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.-.  Area  ABCD  of  fig.  37 
n 


As  before,  the  discharge  for  given  limits  of  pressure  pl  and 
is  given  by 


So  long  as  ^2  is  not  zero,  this  expression  is  a  maximum 
for  a  given  pl  when 


or 


Substituting  this  value  in  the  expression  for  W,  we  get 

a,  . /2a~.  ?9- /    n    \?/    2 
W_  = 


and  the  corresponding  velocity  of  discharge  given  by 


Thus  for  <x^r  expanding  adiabatically  71  =  y  =  1-408  — 

/.  ^ 
Pi 


,, 

Ibs.  per  second, 

VI 
with  a  velocity 

<r2  =  447  ^/t^  ft,  per  second. 
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Or,  again,  for  the  adiabatic  expansion  of  steam,  w  =  l'13 — 
•'•  Wmax  =  f^-,   with   a   velocity   of    discharge 

given  by  o"2  =  5  '84  VPi^i- 

For  superheated  steam,  n  =  l'3  approximately  for  adiabatic 
expansion.     Therefore 

_  3 78/7, a 

W     TTIQV       '~—  -     '  5 


and  <T2  =  6'03 

We  can  also  calculate  the  discharge  for  saturated  steam 
of  different  degrees  of  moisture  ;  for  if  v1  be  the  volume  of 
1  Ib.  of  dry  steam  at  the  pressure  p^  and  qlt  the  dryness 

fraction,  then  qvl  =  ur 

Hence  substituting  when 

ql  =  l  75       -5       -25; 

_N/MixW      =3-62     4-12     5-0     6'83; 
p^a 

—^—  =5-84     5-04     4-07  2'08. 
Jfft 

§  39.  Discharge  through  Orifices  due  to  Small 
Pressure  Dififerences. — The  foregoing  results  have  been 
obtained  on  the  assumption  that  the  difference  of  pressure 
between  pl  and  p2  on  the  two  sides  of  the  orifice  was  finite 
and  considerable.  Now,  suppose  this  pressure  difference  to 
be  quite  small.  Then  we  may  write 


^y 

for  since  the  pressure  difference  Ap  is  small,  wmean  will  not 
appreciably  differ  from  u^  or  w2. 
.*.  In  this  case 

W  =  -^  —  -      ^  Jpl .  Ap  Ibs.  per  second. 
Thus  for  air, 
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a  formula  applicable  to  air  escaping  from  a  stokehold  under 
air  pressure. 

For  dry  steam,  lir        a      , 

w-gj^ft.Ap; 

or  for  steam,  of  dryness  q,  when 

0t  =1-0       75       -5         '25 
W  1111 

«<s/j?7Sp     31-6     274     2^3     T&8 ' 

§  40.  Experimental  Work  on  the  Discharge  of  Gases 
through  Orifices. — In  the  foregoing  theoretical  considera- 
tions we  have  assumed  that  the 
velocity  o-2  and  the  pressure  p2  are 
constant  all  over  the  area  (a)  of  the 
orifice.  In  other  words,  we  have 
assumed  that  the  expansion  of  the 
escaping  fluid  has  been  completed  by 
the  time  the  section  (a)  has  been 
reached. 

It  is  found  by  experiment  that  so 
long  as  the  lower  pressure  p2  is 
less  than  one-half  the  higher  pv  the 
discharge  is  practically  constant  for  FIG.  39. 

all    values    of   pz.      This    does    not 

agree  with  the  theory,  so  our  assumption  that  the  pressure 
p2  is  constant  over  the  area  (a)  must  be  incorrect.  It  is 
found  actually  that  though  the  pressure  along  the  outer 
streams  of  a  jet  issuing  from  an  orifice  may  be  pz,  yet  at  the 
centre  of  the  jet  the  pressure  will  be  greater  than  p2  at  the 
vena  contracta  AB  of  fig.  39.  If,  however,  we  go  further 
from  the  orifice  until  we  reach  a  section  of  the  jet  over  which 
the  pressure  is  constant,  as  CD,  then  we  can  apply  our 
theoretical  results  to  practical  cases  by  taking  CD  as  the  area 
(a)  in  the  formula  instead  of  the  area  at  AB. 

Napier  has  showed  that  for  dry  steam,  so  long  as  the 
lower  pressure  p.2  is  equal  to  or  less  than  -6  of  the  higher 
pressure,  the  actual  discharge  is  constant  and  equal  to  the 
maximum  value  calculated  by  theory.  Thus  he  states  that 
under  these  conditions 

W=?  Ibs.  per  second 
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where  a  is  the  contracted  area  AB  in  fig.  39,  while  for  small 
differences  of  pressure 


For  large  falls  of  pressure  it  is  found  the  contracted  area  AB 
is  about  *75  the  area  of  the  orifice  itself,  while  for  small  drops 
it  is  only  '66  of  the  actual  orifice. 

Other  experimenters  have  found  that  for  air,  so  long  as  p2 
is  equal  to  or  less  than  ' 


for  large  differences,  and 


for   small   differences  of   pressure.     So  that,  on  the  whole, 
theory  agrees  singularly  well  with  practice. 


CHAPTER  VIII. 
FLOW   OF   GASES   ALONG   PIPES. 

§  41.  Thermo-dynamic  Difference  between  the  Flow 
of  Gases  along  Pipes  and  through  Orifices.— In  con- 
sidering the  flow  of  gases  through  orifices  we  are  able  to 
neglect  frictional  losses  during  discharge,  without  sensible 
error,  and  can  assume  that  the  total  energy  of  expansion  is 
utilised  in  producing  velocity  of  the  gas  on  the  low-pressure 
side  of  the  orifice. 

In  the  case  of  flow  along  pipes  frictional  losses  usually 
become  the  principal  item,  for  the  change  in  the  velocity  of 
flow  along  the  pipes  is  small  in  practice.  Hence  if  there  is 
a  pressure  drop  between  two  sections  in  a  pipe,  the  energy 
of  expansion  due  to  this  fall  of  pressure  becomes  dissipated 
by  overcoming  the  friction  between  the  flowing  gas  and  the 
pipe,  instead  of  in  producing  an  increase  in  the  velocity  of 
the  gas. 

If,  however,  the  diameter  of  the  pipe  be  large  in  com- 
parison to  its  length,  the  loss  of  energy  due  to  friction  may 
be  very  small,  in  which  case  a  given  drop  in  pressure  in  the 
pipe  will  produce  an  increase  in  the  velocity  of  flow  of  the 
gas  corresponding  to  the  fall  of  pressure. 

It  is  necessary,  therefore,  before  writing  down  our  energy 
equation  for  any  particular  case,  to  consider  the  conditions 
under  which  the  flow  will  take  place. 

Thus  in  the  case  of  flow  through  a  large  pipe  in  which  the 
pressure  drop  is  considerable  in  the  pipe  itself,  we  can  equate 
the  change  of  kinetic  energy  of  the  flowing  gas  to  the  work 
done  by  the  pressure  difference  in  the  pipe,  so  long  as  the 
area  of  the  pipe  is  sufficiently  great  to  make  frictional  losses 
negligible. 
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A  rather  different  case  occurs  when  gases  flow  up  a  boiler 
funnel,  which  has  a  large  sectional  area  in  proportion  to  its 
length.  Here  the  velocity  of  flow  is  practically  constant  at 
all  points  in  the  funnel,  and  we  can  also  neglect  any  frictional 
losses.  Hence  we  may  consider  the  funnel  as  a  large  orifice, 
and  simply  equate  the  kinetic  energy  of  the  funnel  gases  to 
the  work  done  by  the  small  difference  of  pressure  at  the  base 
of  the  funnel  which  produces  the  flow. 

If  a  pipe  be  small  and  long,  the  velocity  of  flow  will  be 
practically  uniform  along  the  pipe,  and  in  this  case  the  work 
due  to  the  drop  of  pressure  between  one  end  of  the  pipe 
and  the  other  will  be  used  in  overcoming  frictional  resistances 
along  the  pipe  ;  for  frictional  losses  are  not  negligible  when 
dealing  with  flow  through  small,  long  pipes. 

§  42.  The  Flow  of  Gases  along  Large  Pipes  neglect- 
ing Frictional  Resistance. — As  for  the  discharge  of  gases 
through  orifices,  so  in  all  cases  where  there  is  a  difference 
of  pressure  (Pi—pz)  between  the  two  ends  of  a  pipe  through 
which  gas  is  flowing,  the  work  area  ABCD  of  fig.  37  repre- 
sents the  energy  available  to  produce  flow  in  the  pipe,  to 
overcome  gravity  effects,  or  to  overcome  frictional  resist- 
ances. 

The  effect  of  gravity  can  generally  be  neglected,  as  the 
density  of  gases  is  small  even  when  they  are  under  consider- 
able pressure. 

If,  in  addition,  we  can  neglect  frictional  losses,  our  energy 
equation  becomes 

_  2 

OQ  Ul  /      „  .7..  /-I   \ 


where  cr2  and  vl  are  the  velocities  of  flow  at  the  two  ends  of 
the  pipe. 

This  equation  is  quite  general.     Thus  for  water,  u  is  con- 

stant, and  equal  to  —  where  w  is  the  weight  of  unit  volume. 
Hence  for  water  — 


== 
2g  w 

&+?i  =  a 

w      2g 

which  is  Bernouillis'  equation  forjiydraulic  flow, 


or  £I  +  °JL  =&+?i  =  a  constant  ; 

w      2g     w      2g 
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In  the  case  of  a  gas,  suppose  first  that  the  expansion  during 
flow  is  given  by 

pu  =  constant. 

Then  equation  (1)  becomes 

't.-4-^bg,*;  ff      - 


or  p2u2  loge  p2  +  ^  =p1u1  logepi + ^  —  constant ; 

<y  *r 

that  is         CT2  loge^2  +  ^-  =  CTX  log^  +  5=-  =  constant. 

If  the  expansion  during  the  flow  along  the  pipe  follows 
the  law 

pun  =  constant, 

then  equation  (1)  gives 

n  •    '  ^l  =  ^^.plUl  +  ^  =  constant; 


which,  in  the  case  of  adiabatic  flow  when  n  =  y,  reduces  to 
K  .T^K.T- 


T2  can  always  be  calculated  when  the  pressures^  and^2  are 
known  ;  for  in  the  case  of  steam  it  will  be  the  temperature 
corresponding  to  the  pressure  pv  while  for  gases  it  will  be 
given  by 


W 

Hence  in  all  cases  the  increase  of  kinetic  energy  of  the  gases 
during  flow  can  be  calculated  on  the  assumptions  made. 

The  weight  (W  Ibs.)  of  gas  passing  any  section  (a)  of  the 
pipe  per  second  will  be  given  by 


where  u  is  the  volume  per  Ib.  at  the  section  (a)  where  the 
velocity  is  cr. 
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Hence  if  we  know  W,  a,  and  the  volume  u^  where  the 
pressure  is  pv  we  can  ascertain  a-lt  and  then  calculate  the 
change  in  velocity  and  so  find  cr2  from  the  equations  just  given. 

§  43.  Flow  of  Hot  Gases  up  Boiler  Funnels.— When 
the  flow  of  hot  gases  up  a  boiler  funnel  is  caused  by 
"  natural  draught,"  that  is  to  say,  when  it  is  simply  due  to 
the  expansion  of  heated  gases  in  the  boiler  furnace,  the  velocity 
of  the  gases  is  produced  by  the  difference  of  pressure  (Ap)  at 
the  entrance  of  the  furnace  between  the  weight  of  a  column 
of  hot  funnel  gases  of  the  height  of  the  funnel,  and  the 
weight  of  a  similar  column  of  atmospheric  air  outside  it. 

In  such  a  case  the  velocity 
of  flow  a-  will  be  given  by 


where  V  is  the  mean 
volume  per  Ib.  of  the 
funnel  gases ;  for  before 
the  air  enters  the  furnace 
its  velocity  is  very  small, 
and  so  the  change  of 
FIG.  40.  velocity  may  be  taken  as 

cr  itself. 

It  is  therefore  necessary  to  find  Vand  Ap  for  any  given  funnel 
length  and  temperature  in  order  to  obtain  &,  and  from  this  the 
weight  of  funnel  gases  passing  up  the  funnel  in  a  given  time. 
If  a  curve  be  plotted  to  give  the  volumes  of  1  Ib.  of  furnace 
gas  as  it  passes  through  the  furnace,  combustion  chamber, 
tubes,  and  funnel,  it  will  be  as  shown  in  fig.  40 — the  volume 
per  Ib.  increasing  and  decreasing  according  to  the  tempera- 
tures of  the  various  parts  of  the  boiler.  Thus  AB  will 
represent  the  volume  of  1  Ib.  of  air  as  supplied  at  the 
stokehold  pressure  and  temperature;  BCD  the  change  of 
volume  and  pressure  as  it  passes  through  the  furnace,  tubes, 
etc. ;  and  DE  the  volume  per  Ib.  of  funnel  gas  at  the  average 
funnel  temperature. 

It  is  found  that  the  two  shaded  areas  of  fig.  40  are 
practically  equal,  and  hence  it  follows  that  the  mean  volume 
V  of  the  gases  as  they  pass  through  the  boiler  and  funnel 
is  the  volume  corresponding  to  that  of  the  gases  when  in 
the  funnel. 
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Next  as  regards  kp.  Let  W  be  the  weight  of  a  column  of 
funnel  gases  of  length  /  (where  I  is  the  height  measured  from 
the  furnace  grate  to  the  funnel  top),  and  let  W0  be  the  weight 
of  a  similar  column  of  external  air  at  absolute  temperature 

TO- 

Let  V0  be  the  volume  of  1  Ib.  of  air  at  atmospheric 
temperature  T0,  and  Vl  its  volume  at  the  funnel  temperature 
Tlt  and  let  A  be  the  sectional  area  of  the  funnel. 

Then  W  =  Y' 

Also,  if  n  Ibs.  of  air  be  supplied  per  Ib.  of  coal  burnt  in 
the  furnace,  it  is  found 


.-.  w-     IA    -     IA 


71  +  1  '  7i+l*   40 

for  ^>1V1  =  53-2Tp  and  pl  =  147  X  144  Ibs.  per  sq.  ft. 
Similarly.  W0  =  ^  =  — 

40 

Hence,  A^x  A  =  W0-  W=  ^Af!-^1]. 

LT0      al^J 


Now  if  Q  be  the  weight  of  funnel  gases,  in  Ibs.,  discharged 
per  second — 

V  =  ^  =  * 


_A-320      n+l    rfl  _n  +  l\ 
VT^V     n     '  VT0      n.T^' 


by  substitution  for  V. 

With  a  given  temperature  T0  we  find,  by  differentiating 
the  above  expression  and  equating  it  to  zero,  that  the 
condition  for  maximum  draught  is  given  by 


T0  n 
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Usually  about  24   Ibs.    of   air   are  supplied  per  Ib.  of  coal 
burnt  in  a  furnace,  so  that  n  =  24. 
Hence,  approximately, 


TO     12' 

Thus  if  the  temperature  of  the  atmospheric  air  be  60°  F.,  i.e. 
T0  =  521,  then  for  maximum  draught  Tx  must  be  1086,  that 
is  625°  F. 

Usually  funnel  draught  is  measured  by  the  height  of  water 
column  that  can  be  supported  by  the  difference  of  pressure 
between  the  pressure  of  the  gases  in  the  funnel  and  the 
pressure  of  the  external  atmosphere. 

A  column  of  water  1  inch  high  corresponds  to  a  pressure 
of  5*2  Ibs.  per  sq.  ft.  Hence  if  i  measure  the  difference  of 
pressure  of  the  atmosphere  over  that  of  a  furnace,  in  inches 
of  water  — 


~5'2~ 

In  practice  it  is  found  the  actual  draught  is  about  80  per 
cent,  of  the  theoretical  draught  as  thus  calculated. 

§  44.  Effect  of  Friction  on  the  Flow  of  Gases 
through  Pipes.  —  So  far  in  dealing  with  flow,  frictional 
resistances  between  the  flowing  gases  and  the  surface  of  the 
enclosing  pipes  have  been  treated  as  negligible.  In  long 
pipes  of  small  relative  diameter,  this  assumption  is  by  no 
means  justified.  It  is  found  in  practice  that  for  such  pipes, 
though  the  fall  of  pressure  between  the  two  ends  of  the  pipe 
may  be  finite,  yet  the  velocity  of  flow  of  the  gas  alters  but 
slightly  as  it  proceeds  along  the  pipe.  Hence  the  energy 
available,  owing  to  the  fall  of  pressure,  must  be  dissipated  in 
overcoming  the  frictional  resistance  to  the  flow. 

It  necessarily  follows  from  the  assumption  that  the 
velocity  of  flow  (a)  is  constant  along  the  pipe,  that,  for  a  pipe 
of  uniform  sectional  area,  the  volume  per  Ib.  of  gas  (u) 
must  everywhere  be  the  same. 

Hence  if  t±p  be  the  difference  of  pressure  between  the  two 
ends  of  such  a  pipe,  the  head  (h)  available  to  overcome 
friction  is  given  by 

h  —  A   .  u. 
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Now,  as  in  the  case  of  hydraulic  flow  for  a  pipe  of  given 
internal  surface  s  and  area  a,  the  head  lost  by  friction  may 
be  written 


where  /  is  a  frictional  coefficient.     Since  s  =  Trdl  and  a  =  ^— 
for  a  pipe  of  length  /,  and  diameter  d, 


m 


J2 

where  m  is  equal  to  -  —  -,  and  is  called  the  "hydraulic  mean 


depth." 

Hence  for  small  differences  of  pressure 

**.«=/£.!. 

2g     m 

The  value  of  f  can  be  determined  from  this  formula  for  any 
given  pipe  by  experimenting  on  the  weight  of  gas  discharged 
for  a  known  drop  of  pressure  Ap  along  the  pipe.  In  all 
cases  the  volume  u  will  be  the  volume  per  Ib.  at  the  average 
pressure  in  the  pipe,  and  will  depend  on  the  pressure  and 
temperature  in  the  case  of  such  gases  as  air,  and  on  the 
pressure  and  dryness  fraction  for  such  vapours  as  steam. 
Hence,  knowing  the  pressures  at  the  two  ends  of  the  pipe  , 
u  can  be  deduced,  and  also  or  ;  for 

uW 

<T=  — 

a 

where  W  is  the  measured  discharge  in  Ibs.  per  second, 
I  and  m  will  be  constants  for  any  given  pipe,  and  so  /  can 
be  determined  from  the  formula  for  any  particular  case. 
Various  experiments  made  on  the  flow  of  air  through  the 
Paris  mains  and  St  Gotthard  Tunnel,  and  on  the  flow  of 
dry  steam  through  well-lagged  pipes,  appear  to  show  that 
the  value  of  /simply  depends  on  the  diameter  (d)  of  the  pipe, 
and  is  very  approximately  represented  by 


in  both  cases,  where  d  is  measured  in  feet. 
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It  must  be  remembered  that  tbe  energy  necessary  to  over- 
come friction  reappears  as  eddies  in  the  flowing  stream,  and 
these  eddies  will  finally  be  absorbed  and  again  appear  as 
heat  in  the  gas.  Hence  assuming  no  heat  is  lost  by  radia- 
tion or  conduction  in  the  passage  of  the  gas  through  the  pipe, 
the  flow  will  be  practically  isothermal  in  the  case  of  such 
gases  as  air  ;  whilst  in  the  case  of  steam,  if  it  enter  the  pipe 
dry,  it  will  be  superheated  at  its  exit. 

As  a  certain  amount  of  radiation  must  occur  it  is  usual  to 
assume  that  for  air  passing  through  pipes,  the  flow  is 
isothermal  ;  and  for  steam,  that  it  remains  dry  and  saturated 
if  it  starts  dry  on  entering  the  pipe. 

With  air  the  temperature  of  flow  is  usually  atmospheric, 
so  that 


p  p 

.      _A^  =  of*     _f__  n\ 

p   '    d  '  455,000 

For  dry  steam,  approximately, 


•  =  _  t<>\ 

p       d  *  1,030,000 

for  a  circular  pipe  of  diameter  d  feet. 

From  these  expressions  it  is  evident  the  percentage  loss  of 
pressure  along  the  pipe  is  independent  of  the  initial  pressure, 
and  only  depends  on  the  velocity  of  flow. 

Thus  assuming  steam  flowing  with  a  velocity  of  100  feet 
a  second  in  a  pipe  of  length  /,  and  diameter  d,  we  get 

*lJfx±. 
p      d     103' 

or,  practically,  a  percentage  drop  of  pressure  given  by   /  . 

a 

Taking  an  average  value  of  /as  '004,  this  gives  —  -=—  ,  that  is, 

cL 

a  pressure  loss  of  1  per  cent,  due  to  friction  for  each  length 
of  pipe  equivalent  to  250  diameters. 

It  is  often  convenient  to  express  the  fall  in  pressure  in  a 
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pipe  in  terms  of  the  flow  in  Ibs.  rather  than  in  terms  of  the 
velocity.     Thus  by  substituting 


=        _  64,000  W 
a  p.  a 

in  equations  (1)  and  (2),  we  get  for  air,  for  small  drops  in 
pressure  — 


and  for  dry  steam  — 


when  p  and  A/>  are  measured  in  Ibs.  per  sq.  in.,  W  in  Ibs.  per 
hour,  I  in  feet,  and  d  in  inches. 

Hence  for  a  given  discharge  and  initial  pressure  the  fall 
in  pressure  along  a  pipe  can  be  calculated,  or  for  a  given  fall 
in  pressure  the  discharge  can  be  determined. 

It  should  be  noticed  that  the  foregoing  expressions  do  not 
include  any  losses  due  to  bends,  etc.,  and  only  refer  to  steady 
flow. 

To  give  the  initial  velocity  (<r)  we  must  either  have  a 
pump,  or  a  sudden  drop  in  pressure  at  the  entrance  to  the 
pipe.  The  drop  in  pressure  to  start  the  flow  can  be 
computed  by  the  expressions  already  given  for  the  flow  of 
gases  through  orifices. 


CHAPTER  IX. 
STEAM  INJECTORS  AND  EJECTORS. 

§  45.  Object  of  the  Instruments. — Steam  injectors  and 
ejectors  are  instruments  by  which  a  jet  of  steam  acting 
on  a  stream  of  water  or  other  fluid  with  which  it  mingles, 
can  impart  to  the  resultant  fluid  jet  a  velocity  sufficient  to 
overcome  a  pressure  that  may  be  equal  to  or  greater  than 
the  initial  pressure  of  the  original  steam-jet ;  the  mechanical 
energy  of  the  resultant  jet  being  obtained  from  the  heat 
energy  of  the  steam. 

The  name  injector  is  generally  given  when  the  instrument 
forces  out  the  resultant  jet  against  a  high  pressure,  as  when 
feeding  water  into  a  boiler,  for  example;  and  the  name 
ejector  when  the  resultant  stream  is  delivered  at  atmospheric 
pressure. 

The  instruments  are  said  to  be  "  lifting  "  or  "  non-lifting  " 
according  as  the  fluid  level  in  the  reservoir  from  which  they 
take  their  suction  is  below  or  above  the  instrument  itself. 

The  construction  of  these  instruments  is  simple,  and 
will  be  understood  from  fig.  41,  where  S  is  the  steam  inlet 
and  W  tbe  suction  pipe.  The  steam,  as  it  rushes  through 
the  nozzle  n,  produces  a  partial  vacuum  and  so  draws  up 
water  through  the  pipe  W,  and,  mingling  with  it,  forces  it 
through  the  nozzle  m  with  considerable  velocity. 

The  instruments  have  few  parts  to  get  out  of  order,  and 
are  very  convenient  when  only  required  to  deal  with  small 
quantities  of  water.  Their  efficiency  as  pumps  is,  however, 
very  low,  not  more  than  about  3  per  cent,  of  the  work 
that  the  same  steam  could  do  in  a  steam-engine  cylinder 
being  obtained  from  the  steam  used.  Only,  however,  as 
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ejectors  are  they  wasteful,  when  the  heat  in  the  steam,  not 
used  as  useful  work,  simply  goes  to  heat  up  the  discharge 
water  and  is  lost.  In  the  case  of  injectors  this  heat  goes 
into  the  boiler  again  with  the  feed,  the  injector,  in  fact, 
becoming  a  kind  of  feed-heater  as  well  as  pump  ;  so  in  such 
cases  injectors  may  be  used  with  considerable  economy. 
The  efficiency  and  proportions  of  the  parts  of  an  injector 
can  only  be  determined  theoretically  by  making  several 
somewhat  arbitrary  assumptions. 

Assuming,  however,  that  there  is  no  loss  by  friction  or 
radiation  in  the  injector,  that  the  equations  for  the  adiabatic 
flow  of  steam  may  be  applied  to  the  steam-jet,  and  that  the 
stearn-jet  is  at  once  completely  condensed  on  contact  with 


Adjusting 
Spindle 


FIG.  41.  — Section  of  a  Steam  Injector. 


the  discharge  water,  we  can  find  the  proper  dimensions  of 
an  injector  to  give  a  given  discharge  against  a  known 
pressure  head. 

§  46.  Calculation  of  Fluid  Velocity  through  the 
Injector  Nozzles. — Making  the  assumptions  stated  in 
the  last  paragraph,  we  can  find  the  velocity  of  the  steam - 
jet  at  its  point  of  contact  with  the  incoming  fluid,  and 
the  resultant  velocity  of  the  stream  of  water  and  con- 
densed steam  which  leaves  the  outlet  orifice  of  the  in- 
jector. 

The  velocity  of  the  steam  at  the  point  of  contact  will 
depend  on  the  pressure  and  quality  of  the  steam  in  the 
supply  pipe,  and  on  the  pressure  just  outside  the  steam 
orifice  where  contact  occurs  between  the  steam  and  incoming 
water. 

If  pl  and  p2  be  these  pressures,  and  ql  and  qz  the  dry  ness 
fractions  of  the  steam  at  these  pressures,  then  assuming 
the  flow  through  the  steam  orifice  of  the  injector  to  be 
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adiabatic,   we  have   the   velocity  a-  of   the  steam-jet  given 

by 


where  t±  and  t2  are  the  temperatures  corresponding  to  the 
pressures  p^  and  p2,  and  s  is  the  volume  of  1  Ib.  of  water. 

For  maximum  discharge  through  the  steam  orifice  p2  must 
be  less  than  -6p1  ;  and  it  is  actually  found  that  taking  p2  = 
'Qpl  gives  approximately  the  correct  value  of  cr  for  such 
injectors. 

Knowing  p2  we  can  find  q2,  since  the  expansion  in  the 
steam  nozzle  is  assumed  to  be  adiabatic.  It  will  be  given 
by  the  equation 


where  vl  and  v2  are  the  volumes  per  Ib.  of  dry  steam  at  the 
pressures  p1  and  p2.  Thus  knowing  qz,  the  velocity  a-  can  be 
at  once  obtained  from  the  previous  expression. 

Next,  to  find  the  resultant  velocity  V,  say,  with  which 
the  fluid  discharged  by  the  injector  finally  leaves  the  outlet 
nozzle.  During  the  contact  of  the  steam-jet  and  the  incom- 
ing water  in  the  injector  a  loss  of  energy  takes  place  simply 
owing  to  impact.  Hence  we  cannot  equate  the  total  energy 
of  inflow  to  the  total  energy  at  the  outlet  orifice,  but  must 
apply  the  principle  of  conservation  of  momentum  at  the 
point  where  the  steam  meets  the  water.  Then  we  may 
say  that  :  — 

The  momentum  of  the  steam-jet  +  the  momentum  of  the 
incoming  water  —  the  momentum  of  the  resultant  jet.  Let 
y  Ibs.  of  water  be  pumped  through  by  the  injector  per  Ib.  of 
steam  used  in  it.  Then  the  momentum  of  y  Ibs.  of  water  is 

?0-ji  where  o^  is   simply  the  velocity  of   the  water  at  the 

c/ 

entrance  of  the  injector  which  would  be  produced  by  its 
head  when  no  steam  was  passing  through  the  injector.  vl 
will  approximately  be  given  by 


where  li  is  the  head  in  feet  of  the  supply  water  above  the 


OF 
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injector  nozzle,  due  either  to  elevation  only,  or  to  pressure, 

or  both.     The  momentum  of  1  Ib.  of  steam  is   — -.      The 

9 

resultant   jet   leaving   the   injector   contains  (1+2/)  Ibs.   of 
mixed  steam  and  water,  and  has  a  velocity  V.     Hence  its 

momentum  is  * —V. 

y 

Therefore  by  the  principle  of  conservation  of  momentum, 


This  gives  the  velocity  of  discharge  at  the  outlet  orifice, 
when  the  water  in  the  supply  pipe  has  a  head  h  feet  above 
the  injector.  If  the  supply  tank  be  on  a  level  with  the 
injector,  h  may  be  zero.  In  this  case  the  velocity  of 
discharge  becomes 


If  the  supply  tank  be  below  the  injector,  the  water  supply 
must  be  lifted  through  a  height  h  by  the  suction  of  the 
injector.  In  this  case  instead  of  adding  momentum  to  the 
resultant  jet,  the  water  supply  must  have  a  corresponding 
momentum  given  to  it  by  the  steam-  jet,  so  that  in  such 
cases  the  second  term  in  the  expression  for  V  becomes 
negative.  In  any  case,  when  the  conditions  under  which 
the  injector  is  to  work  are  known,  V  can  be  found. 

§  47.  Determination  of  the  Amount  of  Water  that 
can  be  Pumped  through  an  Injector  per  Ib.  of  Steam 
Used.  —  The  number  of  Ibs.  (y)  of  water  forced  through  an 
injector  per  Ib.  of  injection  steam  can  be  determined  for  any 
given  injector  when  the  temperatures  of  the  steam,  of  the 
feed  water,  and  of  the  resultant  jet  are  known.  Let  these 
be  tv  £3,  and  t°  F.  respectively. 

Then  the  gain  of  heat  of  y  Ibs.  of  feed  water  in  passing 
from  the  temperature  t3°  F.  of  the  reservoir  to  the  tempera- 
ture t°  F.  of  the  discharge  pipe  is  equal  to  y(t±  —  £3)  thermal 
units. 

The   heat  equivalent  of   the  kinetic  energy  of  the  jet  of 
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water  leaving   the   discharge   orifice   of    the   injector   with 

V2 
velocity  V  is  (1+y)  jr-=  per  Ib.  of  injection  steam,  where 


J  =  774foot-lbs. 

The  loss  of  heat  of  1  Ib.  of  injection  steam  at  the  initial 
temperature  t^  F.,  condensing  to  the  temperature  t±  F.,  is 
equal  to  (^1^  +  ^  —  ^)  thermal  units. 

It  follows  from  the  assumption  that  there  is  no  loss  of 
heat,  and  that  all  the  steam  is  condensed  by  the  time  the 
outlet  orifice  of  the  injector  is  reached,  that 

V2 


approximately,  since  the  term  containing  V  is  small  in  com- 
parison with  the  remaining  terms. 

The  above  equation  will  give  the  discharge  in  Ibs.  per  Ib. 
of  injection  steam  when  the  various  temperatures  can  be 
measured  for  any  actual  injector. 

In  designing  an  injector  the  resulting  temperature  £4  cannot 
be  predicted,  and  so  y  cannot  be  found  even  when  the  initial 
state  of  the  injection  steam  and  the  temperature  of  the  feed 
water  are  known.  For  design  calculations  it  is  necessary, 
therefore,  to  appeal  to  the  equation 


to  obtain  y  for  any  actual  case  instead  of  V.  In  this  ex- 
pression or  is  known  when  the  initial  steam  pressure  with 
which  the  injector  is  to  work  is  known.  The  position  of 
the  injector  relative  to  its  suction  tank  will  also  be  known, 
and  hence  h  will  be  a  given  quantity.  V  is  also  known 
when  the  purpose  for  which  the  injector  is  to  be  designed  is 
decided,  for  the  limiting  value  of  V  must  be  settled  by  the 
pressure  head  against  which  it  is  desired  the  injector  should 
pump.  Thus  if  the  injector  be  designed  to  feed  a  boiler  in 
which  the  pressure  is  p  Ibs.  per  sq.  ft.  at  a  height  H  ft.  above 
the  injector,  the  limiting  value  of  V  to  make  the  feed  water 
enter  the  boiler  without  residual  velocity  will  be  given  by 
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In  practice,  the  actual  velocity  of  the  injector  discharge  must 
be  considerably  greater  than  the  velocity  as  thus  calculated 
in  order  to  overcome  the  weight  of  valves  and  frictional 
resistances  in  the  feed  pipes;  but  by  taking  a  suitable 
coefficient  the  true  velocity  of  discharge  (V)  can  be  obtained 
from  this  formula,  in  any  given  case. 

Hence  knowing  the  velocity  of  discharge  V  necessary  to 
satisfy  the  given  conditions,  we  can  ascertain  the  number  of 
Ibs.  of  water  (y}  that  can  be  discharged  per  Ib.  of  injector 
steam  under  these  conditions  by  substitution  in  the  original 
formula. 

§  48.  The  Areas  of  Steam  and  Water  Nozzles 
necessary  for  a  Given  Discharge.  —  Suppose  x  Ibs.  of 
water  are  required  to  be  discharged  per  second  by  a  given 
injector.  Then  since  by  supposition  1  Ib.  of  steam  will 
deliver  y  Ibs.  of  water,  the  steam  necessary  to  deliver  x  Ibs. 

/Vl 

will  be  -  Ibs.  per  second. 

y  . 

The  specific  volume  of  moist  steam  in  the  injector  orifice  is 
(^2+s)  cub.  ft.  where  the  dryness  fraction  q2  is  determined 
as  previously  described. 

Hence  the  area  of  the  steam  nozzle  (as)  of  the  injector  is 
given  by 


where  a-  is  the  velocity  of  the  steam  in  feet  per  second. 

Under  these  conditions  the  quantity  of  water  being  dis- 

x 
charged  from  the  injector  will  be  -  (1  +  2/)  Ibs.  per  second. 

Hence  the  area  of  the  water  discharge  orifice  (aw)  must  be 
given  by 

x  1 

^—(l  +  ^y^sq.  ft.  ; 

where  V  is  the  required  velocity  of  discharge  as  already 
calculated,  and  w  is  the  weight  of  a  cub.  ft.  of  water. 

§49.  Efficiency  of  Ejectors.  —  When  an  injector  is 
simply  used  as  a  pump  for  lifting  water  and  discharging  it 
at  atmospheric  pressure,  it  is  known  as  an  ejector. 

Suppose  we  have  an  ejector  at  a  height  h^  ft.  above  a  tank, 
and  it  is  required  to  draw  water  from  the  tank  and  deliver 
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it  at  a  distance  A2  ft.  above  the  ejector,  as  shown  in  fig.  42. 
Then  for  least   loss   the  velocity  of  discharge  V  from  the 


FIG.  42. 

ejector  must  be  such  that  no  residual  velocity  remains   as 
the  water  enters  the  upper  reservoir.     Hence 

v=  7p2. 

Since  the  suction  tank  is  below  the  ejector,  our  equation  of 
§  46  will  then  become 


or,  substituting  for  V, 


which  will  give  y  for  a  given  steam  velocity,  lift,  and  dis- 
charge head. 

It  should  be  observed  that  y  —  that  is,  the  water  pumped  up 
per  Ib.  of  ejector  steam  used  —  will  decrease  as  both  A2  the 
discharge  head,  and  \  the  lift  head,  increase. 

The  efficiency  of  ejectors  as  pumps,  as  has  already  been 
stated,  is  very  small,  the  actual  work  obtained  from  them 
being  only  of  the  order  of  '0004  of  the  heat  energy  of  the 
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steam  used.  The  efficiency  of  lift  may  be  increased  for  small 
lifts  by  using  a  smaller  ejector  than  would  be  necessary  in 
the  ordinary  way,  and  fitting  its  discharge  outlet  with  a 
number  of  nozzles,  increasing  consecutively  in  area,  as  shown 
in  fig.  43 — the  nozzles  all  being  connected  to  the  suction 


FIG.  43. 

pipe.  The  steam  nozzle  s  delivers  a  small  stream  of  water 
at  a  high  velocity  through  the  nozzle  A;  this  nozzle  then 
acts  as  an  ejector  itself,  and  draws  in  and  discharges  a  larger 
stream  at  less  velocity  through  the  next  nozzle  B,  and  so  on. 
Each  nozzle  will  thus  reduce  the  velocity  and  increase  the 
quantity  of  water  discharged,  and  so  finally  a  large  amount 
of  water  may  be  lifted  through  a  small  height  with  a  small 
ejector. 


CHAPTER  X. 
STEAM    TURBINES. 

§  50.  Classification  of  Turbines. — The  general  principle 
of  the  working  of  all  steam  turbines,  is  the  conversion  of  the 
heat  energy  of  steam  into  kinetic  energy  by  discharging  the 
steam  with  a  considerable  fall  in  pressure,  through  suitable 
guide  nozzles,  on  to  vanes  attached  to  one  or  more  rotating 
wheels  fixed  to  a  driving  shaft.  The  fall  of  pressure  causes 
the  steam-jets  to  issue  from  the  guide  nozzles  with  a  high 
velocity,  as  was  explained  in  Chapter  VII. ,  and  the  reaction 
produced  by  these  jets  striking  against  the  vanes  of  the 
driving  wheels  gives  the  driving  effort. 

Broadly  speaking,  turbines  may  be  divided  into  two  classes 
— namely,  impulse  turbines  and  reaction  turbines. 

If  the  whole  fall  of  steam  pressure  occur  in  the  guide 
nozzles,  and  only  change  of  velocity  occurs  during  the 
passage  of  the  steam  through  the  driving  wheel  vanes,  the 
turbine  is  said  to  be  an  "  impulse  "  one ;  the  driving  energy 
depending  only  on  the  original  velocity  with  which  the 
steam  leaves  the  guide  nozzles. 

On  the  other  hand,  if  the  pressure  of  the  steam  on  enter- 
ing the  rotating  wheel  is  reduced  during  the  passage  of  the 
steam  through  the  rotating  vanes,  the  turbine  is  called  a 
"  reaction "  turbine ;  for  the  driving  effort  will  depend  not 
only  on  the  change  of  the  original  steam  velocity  given  by 
the  guide  nozzles,  but  also  on  the  change  of  velocity  produced 
by  the  fall  of  pressure  in  the  rotating  wheel  vanes  them- 
selves. 

Each  of  these  two  classes  of  turbines  may  be  further  sub- 
divided into  single-stage  turbines,  in  which  only  one  set  of 
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rotating  wheel  vanes  is  used,  and  into  multiple-stage  turbines. 
These  latter  may  consist  of  a  combination  of  a  large  number 
of  successive  turbines  of  the  same  type,  or  of  a  series  of 
stages  of  the  impulse  type  combined  with  a  number  of  stages 
of  the  reaction  type. 

In  the  single-stage  types,  expansion  of  the  steam  takes 
place  immediately  to  the  final  pressure,  either  in  the  guide 
nozzles  alone,  or  else  partly  in  the  guides  and  partly  in  the 
vanes  of  the  rotating  wheel. 

In  the  multiple-stage  types  the  pressure  falls  in  stages 
between  each  set  of  guides  and  rotating  vanes,  with  the 
result  that  a  considerably  less  steam  velocity  is  produced  at 
any  one  stage,  and  so  a  far  less  peripheral  speed  of  rotating 
wheel  is  permissible. 

A  further  classification  of  turbines  is  given  by  the  direction 
of  the  flow  of  the  steam  through  the  vanes  relative  to  the 
turbine.  Thus  we  may  have  "  axial "  and  "  radial "  turbines, 
depending  on  whether  the  steam  enters  and  leaves  the 
turbine  wheels  in  a  direction  which  is  on  the  whole  parallel 
to  the  axis  of  the  turbine  shaft,  or  radial  to  it.  In  the 
former  type  the  velocity  of  the  steam  particles  will  have  two 
components,  one  peripheral  and  the  other  axial,  while  in  the 
latter  the  components  will  be  peripheral  and  radial. 

§  51.  Relative  Steam  and  Peripheral  Velocities 
for  Turbines. — Suppose  steam  to  be  issuing  from  a  guide 
nozzle  with  velocity  <r,  Guide 
and  let  the  issuing  jet  be 
directed  on  to  a  moving 
guide  blade  shaped  as  in 
fig.  44. 

Let  the  velocity  of  this 
blade  be  V  in  the  direc- 
tion of  the  steam  -  jet. 
Then  the  relative  velocity  .  . 

of  the  steam  to  the  blade 
on    striking    it   will    be  FIG.  44. 

(<r-V).     If  the  blade  be 

shaped  as  shown,  the  relative  velocity  with  which  the  steam 
will  leave  the  blade  will  be  —  (o-  — V),  and  hence  the  absolute 
velocity  of  the  steam  as  it  leaves  will  be  V  —  (<r  —  V). 

In  order  that  the  whole  of  the  energy  of  the  steam-jet 
may  be  used  in  producing  the  velocity  V,  it  is  necessary  that 
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the  steam  should  have  no  absolute  velocity  remaining  as  it 
leaves  the  moving  blade.  Hence  for  maximum  efficiency 

V-(o—  V)  =  0  or  <r=2V. 

That  is,  the  velocity  of  the  moving  blade  should,  in  this 
case,  be  half  the  original  velocity  of  the  steam-jet  to  produce 
the  greatest  effect. 

Next  as  to  the  value  of  the  velocity  or  of  the  steam.  This 
can  be  calculated  for  a  simple  orifice  by  the  rules  given  in 
Chapter  VII.  For  a  non-conducting  orifice  through  which 
the  flow  may  be  assumed  adiabatic,  we  obtained  the  expres- 
sion 


for  the  velocity  of  discharge  from  a  pressure  p^  to  a  lower 
pressure  p2. 

For  example,  if  dry  steam  at  165  Ibs.  pressure  per  sq. 
in.  absolute  be  discharged  into  a  region  at  1  Ib.  pressure 
absolute  (as  a  condenser,  for  instance),  the  value  of  n  will  be 
113,  and  then 


-  ~- 165. 144.  272(l  -  jgv™)  -4000  ft.  a  sec. 

Hence,  for  maximum  efficiency,  the  peripheral  velocity  of 
a  turbine  wheel  using  steam  issuing  with  this  velocity  would 
be 

V  =  £  =  2000  ft.  per  second. 
& 

This  is  a  very  high  velocity,  and  would  mean  that  for  a 
wheel  of,  say,  30-in.  diameter  the  angular  velocity  of  the 
wheel  would  be  15,300  revolutions  per  minute.  This  high 
speed  introduces  serious  mechanical  difficulties,  and  the 
whole  object  of  modern  turbine  design  has  been  to  reduce 
this  peripheral  speed  without  loss  of  efficiency;  though  in 
some  turbines,  as  the  De  Laval,  for  example,  this  high 
velocity  has  been  adopted,  the  whole  energy  of  the  steam 
being  given  up  in  a  single  ring  of  rotating  vanes. 

High  peripheral  velocities  introduce  large  centrifugal 
stresses  in  turbine  wheels,  which  must  be  carefully  designed 
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to  withstand  them.  From  this  point  of  view  alone,  the 
actual  peripheral  speed  of  solid  disc  turbine  wheels  should 
not  exceed  1300  ft.  per  second  even  when  they  are  made  of 
steel ;  while  if  the  wheels  are  of  the  drum  type,  the  peripheral 
speed  should  not  exceed  350  ft.  per  second,  unless  the  drums 
are  strongly  reinforced  by  spokes. 

In  actual  practice  the  peripheral  speed  adopted  depends 
not  so  much  on  the  limits  of  strength  permissible  as  on  the 
duty  for  which  the  turbine  has  to  be  designed.  Thus  if  a 
turbine  be  required  to  drive  a  dynamo,  its  speed  of  revolu- 
tion will  necessarily  be  only  about  1000  to  1500  revolutions 
a  minute  in  order  that  the  dynamo  may  give  a  good 
efficiency.  This  will  at  once  decide  the  diameter  of  the 
turbine  wheel  to  give  the  maximum  peripheral  speed ;  and 
should  the  diameter  so  found  be  impracticable,  the  peripheral 
speed  must  be  reduced  accordingly,  or  else  the  shaft  of  the 
turbine  wheel  geared  down  as  is  done  in  the  De  Laval 
turbines.  For  marine  work,  the  turbine  revolutions  are 
decided  by  the  revolutions  of  the  screw  propeller  necessary 
to  give  good  propulsive  efficiency.  As  these  revolutions  are 
usually  comparatively  low,  peripheral  speeds  of  only  80  to 
200  feet  per  second  can  be  obtained  with  reasonable  sized 
turbine  wheels  in  such  cases,  the  speed  depending  on  the 
size  of  ship  and  dimensions  of  screw  fitted.  Hence  for  ship 
propulsion  it  is  necessary  to  use  multiple-stage  turbines,  to 
enable  the  peripheral  speed  to  be  reduced  without  loss  of 
economy. 

With  axial  turbines  it  is  not  generally  possible  to  direct 
the  jets  of  steam  in  the  exact  direction  of  the  motion  of  the 
wheel  vanes.  The  discharging  nozzles  have  therefore  to  be 
placed  at  a  small  angle  with  the  plane  of  the  rotating  wheels, 
and  the  rotating  vanes  angled  to  allow  the  steam  to  impinge 
on  them  without  shock.  In  practice  this  angle  is  about  17° 
to  20°. 

The  steam-jet  issuing  from  the  guide  nozzles  will  therefore 
have  a  velocity  a  in  a  direction  making  20°  (say)  with  the 
plane  of  rotation.  Eepresent  this  velocity  by  the  line  AB 
in  fig.  45  ;  its  component  in  the  plane  of  rotation  is  CB. 
Hence,  as  already  seen  for  maximum  efficiency,  the  speed  of 

PR 

the  turbine  vanes  must  be  DB  where  DB  =  --.     Join  AD; 


// 

then  AD  will  represent  the  velocity  of  the  steam  relative  to 
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the  rotating  vanes,  and  the  direction  of  AD  gives  the  entrance 
slope  of  the  wheel  blades  so  that  the  steam  entrance  may  be 
free  from  shock.  The  angle  ADC  is  the  angle  at  which  the 
back  of  the  wheel  blades  must  be  fitted  on  the  wheel,  as  a 

shock  on  that  side  of  the  blades 
would  cause  greater  loss  than 
a  shock  on  the  front  side. 
The  relative  velocity,  repre- 
sented by  AD,  with  which  the 
steam  passes  through  the  wheel 
vanes  remains  constant  so  long 
as  friction  is  neglected  and  no 
change  of  pressure  occurs  in 
the  wheel.  Hence  at  exit  the 
steam  has  the  relative  velocity 
AD,  while  the  wheel  vanes 
have  the  absolute  velocity  CD. 
Therefore  if  the  angle  of  the 
steam  discharge  from  the  vanes 
be  made  equal  to  the  angle  of  inlet,  so  that  the  velocity  of 
discharge  is  given  by  the  direction  of  the  line  DE  where 
DE  =  AD,  then  the  absolute  velocity  of  discharge  will  be 
represented  by  CE.  Let  this  be  o-j. 

Then  the  total  energy  expended  by  the  steam  in  passing 
through  the  rotating  vanes  is  equal  to  jm(o-2  — CT-/),  and  the 
total  kinetic  energy  in  the  steam  is  %ma-2  per  unit  mass. 
Hence  the  maximum  efficiency  of  the  turbine  wheel  is  given 


FIG.  45. 


—  o-i 


AB2-CE2 


o-2  AB2 

Hence  it  follows  that 

AB2-CE2     BC2i 

17  — • —  i . 

'/max. 


from  the  fig.  45. 


and  the  velocity  of  the  wheel  vanes  is  then  given  by 

V  =  BD  =  BC       1   _  cos  ABC 
^~AB 2~  '  AB          2" 


=     cos  a. 


Thus  if  V  be  taken  at  the  practical  limit  of  1300  ft.  per 
second,  and  a  =  17°,  then  cos  a=  "956. 
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and 


1300x2 
•956 


2720  ft.  per  second. 


If  a  higher  steam  velocity  than  this  be  desired,  then  V 
must  be  taken  as  less  than  half  BC,  that  is,  less  than  half  the 
resolute  of  <j  in  the  direction  of  rotation.  The  corresponding 
value  of  (T!  will  then  be  given  by 


and  the  efficiency  by 


4vr 

=vL 


cosa-- 


as  will  be  seen  by  considering  the  triangle  of  velocities  of 
fig.  46.  For  maximum  efficiency,  obviously,  the  lost  velocity 
<*•]_  should  be  as  small  as  possible.  This  can  be  reduced  by 
making  the  discharge  angles  of  the  wheel  vanes  as  small  as 
possible.  Thus  if  DE  in  fig.  46  represent  the  relative 
velocity  of  the  escaping  steam  to  the  wheel  vanes,  and  the 


FIG.  46. 

angle  CDE  the  direction  of  the  discharge  edge  of  a  vane, 
then  FE  represents  the  absolute  velocity  of  the  discharged 
steam,  that  is,  o^ ;  and  evidently  the  length  of  FE  can  be 
reduced  for  a  given  peripheral  velocity  FD,  and  steam 
velocity  DE,  by  reducing  the  angle  CDE.  In  practice  this 
angle  cannot,  however,  be  made  much  less  than  20°,  in  order 
that  the  steam  on  leaving  the  rotating  vanes  may  have  a 
clear  exit  and  not  strike  the  back  of  succeeding  vanes, 
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and  frequently  the  angle  CDE  is  made  about  equal  to  the 
vane  inlet  angle  ADC.  Having  decided  on  this  angle  from 
practical  considerations,  it  is  at  once  seen  the  least  value  of 
o-j  possible  is  CE,  in  which  case,  for  maximum  efficiency  for 
a  single  wheel  of  rotating  vanes,  the  peripheral  vane  speed 
would  have  to  be  CD,  as  already  explained. 

In  some  turbines,  as  Parsons'  axial  reaction  turbines,  a 
further  consideration  affecting  the  choice  of  peripheral  vane 
velocity  is  the  amount  of  steam  leakage  allowable  through 
the  clearance  spaces  at  the  tips  of  the  vanes. 

The  construction  adopted  in  the  Parsons'  machines  is  shown 
in  fig.  47,  and,  in  order  that  steam  leakage  losses  should  not 
be  excessive,  the  clearance  distance  c  should  not  be  greater 
than  3  per  cent,  to  4  per  cent,  of  the  height  h  of  the  blades. 
On  the  other  hand,  the  distance  c  must  be  from  *02  in. 

in  1  ft.  diameter  turbines  to 
•1  in.  in  10  ft.  turbines,  for 
mechanical  reasons,  to  allow 
for  wear.  Hence  the  mini- 
mum blade  height  cannot  be 
much  less  than  3  per  cent,  of 
the  mean  turbine  diameter, 
from  which  it  follows  that  in 
order  that  the  steam  areas 
should  not  be  too  great  in 

the  first  wheels,  the  diameters  of  these  wheels,  and  hence 
their  peripheral  velocities,  must  be  kept  small. 

In  multiple-stage  turbines,  especially  reaction  ones,  the 
pressure  drop  and  corresponding  steam  velocity  through  any 
particular  wheel  can  be  what  we  please,  but  the  choice  of 
steam  velocities  should  be  governed  by  the  desire  to  obtain 
minimum  frictional  losses.  Frictional  losses  increase  with 
the  length  of  the  vanes  and  with  the  square  of  the  steam 
velocity.  Hence  if  or  be  too  large  in  any  one  wheel,  the  loss 
by  friction  due  to  it  will  be  large,  though  the  turbine  will 
then  only  consist  of  a  few  wheels.  On  the  other  hand,  if  <j 
be  small,  this  loss  will  be  small ;  but  owing  to  the  greater 
number  of  wheels  then  necessary,  the  path  of  the  steam  will 
be  long,  and  frictional  losses  may  be  considerable  for  this 
reason. 

In  practice  a  mean  has  to  be  taken,  which  appears  to  be 
given  when  the  peripheral  speed  (V)  is  from  *5  to  '3  times 


Casing   with  fixed  guide   vanes 


Rotating   wheel. 
FIG.  47. 
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the  steam  velocity  (or)  in  the  case  of  reaction  turbines,  and 
about  %36  in  the  case  of  impulse  turbines. 

§  52.  The  Single-stage  Impulse  Turbine.— The  De 
Laval  turbine  is  representative  of  this  type.  It  is  an  axial 
turbine,  and  the  steam  impinges  on  a  single  ring  of  rotating 
vanes  from  steam  nozzles  placed  at  an  angle  of  about  20° 
with  the  plane  of  the  wheel.  These  steam  nozzles  are 
designed  with  expanding  exits,  as  shown  in  fig.  48,  so  that 
the  original  pressure  of  the  steam  falls  to  the  final  pressure 
in  the  nozzle  itself  before  the  steam  strikes  the  rotating 
vanes.  Thus  no  change  of  steam  pres- 
sure occurs  in  the  vanes  of  the  turbine 
wheel,  but  only  a  change  of  velocity. 
The  steam  nozzles  are  placed  symmet- 
rically round  the  circumference  of  the 
rotating  wheel,  and  any  number  of 
nozzles  may  be  used  according  to  the 
power  required.  Owing  to  the  high 
steam  velocity  the  peripheral  velocity 
of  the  turbine  wheel  is  also  very  great, 
and  these  turbine  wheels  run  at  from 
30,000  to  15,000  revolutions  per  minute, 
with  powers  varying  from  5  to  300 
horse-power.  In  order  practically  to 
make  use  of  this  high  speed,  the 
turbine  shafts  are  geared  down  in  a 
10-to-l  ratio  by  helical  gearing  to  a  FlG.  48._De  Laval  Nozzle 

low-Speed  Shaft.  and  Wheel. 

Let  a-  be  the  velocity  of  steam  dis- 
charge through  the  steam  nozzles  when  friction  is  neglected. 
Then  owing  to   friction   in   the   expanding  portion   of   the 
nozzle,  the  actual  velocity  (<TO)  with  which  the  steam  strikes 
the  rotating  wheel  is  given  by 

O-Q  =  c .  a; 

where  c  is  about  '85  to  '95,  a-  being  known  when  the  initial 
and  final  steam  pressures  in  the  nozzles  are  decided. 

The  peripheral  velocity  (V)  of  the  turbine  wheel  is  decided 
from  strength  considerations.  The  relative  velocity  (v0)  of 
the  steam  to  the  wheel  can  then  at  once  be  found  by  means 
of  fig.  49,  since  <TO  makes  an  angle  of  approximately  20°  with 
the  plane  of  the  wheel.  The  direction  of  the  leading  edges 
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of  the  wheel  vanes  is  also  determined  by  the  figure.      Let 
this  direction  make  an  angle  a±  with  the  wheel.     The  relative 

velocity  with  which  the 
steam  leaves  the  wheel 
will  not  be  VQ  but  vlt 
owing  to  friction  of  the 
blades,  where 


and   K   varies   from   '75 
to  '85. 

The  angle  with  which 
the  steam  leaves  the 
blades  may  have  any 
value  ;  but  it  is  usual  to 
make  it  the  same  as 
that  of  the  inlet  steam, 
but  in  the  opposite 


Hence   vl  in 


FIG.  49. 

direction. 

fig.  49  must  be  set  off  equal  to  '75vQ  (say),  and  at  an  angle 
ax  as  shown.  Combining  this  with  the  velocity  V  of  the 
wheel,  gives  the  absolute  velocity  of  steam  discharge  o-r 
The  angle  ax  is  about  30°  in  De  Laval  turbines.  The  loss  of 

2 

work  by  friction  in  the  nozzle  per  Ib.  of  steam  is  (1  —  c2)—  } 

ty 

o 

while  the  loss  in  the  blade  channels  is  (1  —  K2)-9-. 

*9 
Hence  the  "  indicated  "  work  per  Ib.  of  steam  is 


and  the  "  indicated  "  horse-power  will  then  be  given  by 

WxU 


H.P.= 


550 


where  W  is  the  weight  of  steam  passing  through  the  turbine 
vanes  per  second. 

The  efficiency  of  the  turbine  will  be  given  by 


. 


STEAM   TURBINES. 


109 


In  designing  a  turbine  to  give  a  certain  horse-power,  U 
must  be  found  as  just  explained,  and  then  W  can  be  calculated. 
The  number  of  steam  nozzles  necessary  to  discharge  this 
weight  of  steam  per  second  can  then  be  decided  on  by  the 
rules  for  the  discharge  of  steam  through  orifices.  The  only 
remaining  point  is  the  amount  of  divergence  necessary  in  the 
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Ratios  oT  Max?  to  Mini1  Steam  Pressure  in  Nozzle 
FIG.  50. — Curve  showing  Increase  of  Nozzle  Area  for  a  given  Fall  of  Steam  Pressure. 


no 


steam  nozzles  to  give  the  proper  degree  of  expansion  to  the 
steam  before  it  strikes  the  rotating  wheel.  The  ratio  of  the 
discharge  area  of  such  nozzles  to  the  smallest  sectional  area 
of  the  nozzles  for  a  given  drop  of  pressure  has  been  calculated 
by  Zeuner,  and  is  shown  by  the  curve  of  fig.  50.  The  nozzle 
can  be  made  very  short  up  to  its  smallest  cross-section,  but 
after  that  it  must  diverge  slowly  to  the  final  outlet  area  or 
the  steam  may  separate  from  the  wall  of  the  nozzle.  In 
practice,  the  angle  of  cone  is  about  10°, 
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§  53.  The  Single-stage  Reaction  Turbine. — Reaction 
turbines  are  usually  of  the  multiple-stage  type,  but  the 
principle  of  their  design  will  be  more  easily  understood  if  we 
at  first  confine  our  attention  to  the  reaction  turbine  of  one 
stage  only. 

Reaction  turbines  usually  have  full  peripheral  steam 
admission — that  is  to  say,  steam  is  admitted  through  suitable 
guide  vanes  uniformly  all  round  the  rotating  wheels,  and  not 
through  a  limited  number  of  steam  nozzles  as  in  the  case 
of  the  De  Laval  and  other  types  of  impulse  turbines.  This 
method  is  adopted  because  the  steam  entrance  area  for 
reaction  turbines  must  be  far  larger  than  for  impulse  ones 
using  the  same  weight  of  steam,  as  the  velocity  of  the  steam 
entrance  is  much  less.  That  the  velocity  of  the  steam 
on  entering  the  wheel  must  be  less  will  be  evident  when  we 
consider  that  in  the  impulse  turbine  the  whole  fall  of  pressure 
that  produces  the  steam  velocity  occurs  in  a  single  ring  of 
nozzles,  while  in  the  reaction  turbine  the  steam  falls  in 
pressure  gradually  throughout  the  whole  turbine  and  only 
a  small  drop  occurs  at  each  stage. 

In  a  single-stage  reaction  turbine  with  a  given  initial 
steam  pressure  p  and  a  final  pressure  plt  there  will  exist  in 
the  clearance  space  between  the  vanes  of  the  guide  and 
rotating  wheels  an  intermediate  pressure  p0.  The  fall  of 
pressure  to  p0  may,  theoretically,  have  any  value  we  choose ; 
but  in  practice  it  must  be  chosen  to  give  the  required  peri- 
pheral velocity  of  the  turbine  wheel  with  minimum  leakage 
losses.  Referring  to  the  curve  of  fig.  50,  we  see  also  that  if 
the  area  between  the  turbine  blades  is  to  be  constant,  the 
pressure  ratio  between  p  and  p0,  and  p0  and  pv  must  not  be 
greater  than  about  1*7.  If  a  greater  ratio  than  this  be  used, 
the  area  between  the  exit  edges  of  the  blades  must  be  greater 
than  between  the  inlet  edges,  which  is  not  usually  convenient. 
In  a  single-stage  turbine  this  pressure  ratio  cannot  in  general 
be  adopted  for  both  guide  and  wheel  vanes,  as  in  a  single  stage 
we  cannot  thus  reach  the  final  given  pressure ;  but  with  a 
number  of  guide  and  rotating  wheels,  as  in  multiple-stage 
turbines,  this  can  readily  be  arranged.  In  actual  practice 
the  pressure  drop  per  ring  of  vanes  is  far  less  than  the  above 
limit,  and  the  exit  areas  of  the  blades  are  made  less  than  the 
inlet  areas.  In  Parsons'  turbines  it  is  stated  that  the 
pressure  drop  per  stage  is  only  about  2  Ibs,  per  sq.  in. 
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Taking  pQ  as  the  pressure  in  the  clearance  space  between  the 
guide  and  wheel  vanes,  let  er0  be  the  velocity  of  the  steam  at 
this  point.  Then  for  a  given  initial  steam  pressure  p, 


n         f  1      /  P  \—  ) 
=  — ~-^Pu  1  !  -  (  —  }  n    (  > 
n-]f     \        \/       j 


since  the  velocity  cr  where  the  pressure  is  p  is  small,  and 
therefore  negligible  compared  to  OTO.  The  outlet  angle  (a)  of 
the  guide  vanes  and  the  peripheral  velocity  (V)  of  the 
turbine  wheel  are  settled  by  the  considerations  given  in 
§  51.  Set  off  <TO  and  V  at  the  proper  angle  (a),  as  shown  in 


Rotating 
wheel 


FIG.  51. 


fig.  51 ;  then  the  line  AD  gives  the  relative  velocity  (#0) 
with  which  the  steam  enters  the  wheel  vanes,  and  also  the 
direction  of  their  inlet  edges — a0  say. 

In  the  wheel  the  pressure  drops  from  p0  to  plt  and  the 
velocity  of  the  steam  increases  to  vl  where  vl  is  given  by 


n 


n-l 


where  UQ  is  the  volume  per  Ib.  of  steam  at  the  pressure  p0. 

As  already  seen,  the  exit  angle  of  the  rotating  vanes  is 
made  as  small  as  possible  and  generally  equal  to  a.  Setting 
off  vl  as  thus  calculated  in  fig.  51,  and  combining  it  with  Y^ 
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we  get  the  absolute  velocity  of  discharge  cra  as  shown.     The 
lost  work,  supposing  the  turbine  Motionless,  will  then  be 


Hence  the  theoretically  useful  work  done  in  the  turbine 
wheel  is  2       o       «        9 

U-Q-Q   ,  _0i*-V     ^i2. 
2,7  +      2^     ->' 

and  the  theoretical  horse-power  developed  will  be  given  by 

p_WU 

"550  ' 

where  W  is  the  weight  of  steam  passing  through  the  turbine 
vanes  per  second. 

The  efficiency  of  the  turbine  will  be 

U  U 


U  +  °^- 

The  ratio  of  the  work  done  in  the  turbine  wheel  due  to 
the  fall  of  pressure  in  the  wheel  itself,  to  the  total  energy  in 
the  steam  on  entrance  to  the  wheel,  is  sometimes  called  the 
"reaction  degree."  Thus — 

2_,,  2 


The  reaction  degree  = 


If  the  reaction  degree  be  one-half, 

20  o 

„_       —  rti  ^ fli  ^  • 


2<r  2  —  i 
and  then  r\  —  — ^— 


With  a  given  value  of  o-0,  the  minimum  value  of  o^  is 
when  the  absolute  velocity  of  discharge  is  normal  to  the 
turbine  wheel,  when,  evidently,  as  seen  from  fig.  51, 

„?          —  v  2  _  y2  _       2    I    v  2  _  y2 
°^1  min-  —  vl  v     —  ^0      '    ^0    —  V 

=  2o-02-2c70Vcosa. 

Therefore  the  maximum  efficiency  is  given  by 
_  2<r0V  cos  a  _  V  cos  a 

~ 
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If  the  efficiency  be  unity,  then  Vcosa  =  o-0,  which,  when 
a  =  0,  gives 

y-«r» 

Hence  with  the  same  initial  steam  velocity  a  reaction 
turbine,  under  the  above  conditions,  will  have  a  peripheral 
vane  speed  twice  that  of  an  impulse  turbine  ;  for,  as  has 
already  been  seen  for  maximum  efficiency  with  the  latter 


With  a  known  steam  velocity  <TO  at  the  exit  of  the  guide 
vanes,  the  area  A  through  the  vanes  can  be  at  once  obtained 
when  the  power  of  the  turbine  is  decided,  for  then  the 


FIG.  52. 


weight  of  steam  W  passing  through  the  vanes  per  second  is 
approximately  known.  Evidently,  from  fig.  52,  the  normal 
area  A  through  the  guide  vanes  is  given  by 

d 


A  =  TrDl  sin  a  X 


d  +  t 


where  D  is  the  mean  diameter,  and  /  the  radial  length  of 
the  blades,  and  d  and  t  are  as  shown  in  the  figure.     Also, 


where  UQ  is  the  specific  volume  of  1  Ib.  of  steam  at  the 
pressure  p0.  Hence  A  can  be  obtained  which  gives  d, 
when  D  and  I  are  decided  from  considerations  of  the 
peripheral  vane  speed  permissible. 

Similarly,  for  the  rotating  wheel  vanes  — 

A1  =  irDl  sin  a0  j~^  \  and  A2  =  ^^  sin  «o  x  ^   ?  t  J 
,nd  W 
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where  wx  is  the  volume  per  Ib.  of  steam  at  the  final  pressure 
pl  in  the  wheel  vanes,  and  Aj  and  A2  are  the  areas  at 
entrance  and  exit  through  the  vanes. 

§  54.  Comparison  of  Peripheral  Speeds  of  Single- 
stage  Impulse  and  Reaction  Turbines. — Consider  two 
single-stage  turbines,  one  an  impulse  one  and  the  other  a 
reaction  one,  and  suppose  they  develop  the  same  power  U 
per  Ib.  of  steam.  Let  cr  be  the  initial  absolute  velocity  with 
which  steam  enters  the  wheel  of  the  impulse  turbine,  and  <r0 
the  entrance  velocity  to  the  reaction  turbine.  Then,  as  has 
been  already  seen,  for  the  impulse  turbine 

u     =£?• 

~ 


while  for  the  reaction  turbine 

U  max.  ==    n 

if  the  reaction  degree  be  one-half. 
Hence  for  the  same  power — 

o?  =  2ffp2. 

2g      2g  '     °r'   °~      v     •  °o  • 

From  this  it  follows  that  if  V  be  the  maximum  peripheral 
speed  of  the  impulse  turbine,  and  V0  that  of  the  reaction 
turbine — 

Vo~~eosV 

for  V  =  °" COS  a ,  and  V0  =  -^-  for  maximum  efficiency. 
2  cos  a 

In  the  limiting  case  of  a  =  0,  we  get 


which  means  that  the  vanes  of  such  a  reaction  turbine 
must  run  at  about  1'4  times  the  speed  of  the  vanes  of  an 
impulse  turbine  for  the  same  power  produced  by  both. 

If  friction  be  taken  into  account,  this  value  will  be  altered  ; 
but  in  any  case  it  must  be  observed  that  the  vanes  of  a 
single-stage  reaction  turbine  must  run  at  a  far  higher  speed 
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than  the  vanes  of  a  single-stage  impulse  turbine  for  the 
same  power. 

§  55.  Multiple-stage  Impulse  Turbines. — The  object 
of  multiple-stage  turbines  is  to  obtain  a  low  peripheral  speed 
of  turbine  wheel  and  yet  entirely  use  all  the  available  energy 
of  the  steam  passing  through  the  turbine.  This  object  may 
be  attained  in  several  ways  with  multiple -stage  impulse 
turbines — viz. :  (1)  the  stearn  pressure  may  fall  to  its  final 
pressure  in  a  single  ring  of  guide  nozzles,  and  the  large 
steam  velocity  so  produced  may  be  gradually  reduced  by 
passing  the  steam  through  a  number  of  successive  guide  and 
rotating  wheels ;  or  (2)  only  a  small  drop  of  pressure  may 
be  allowed  in  the  first  ring  of  nozzles  and  the  corresponding 
steam  velocity  utilised  in  a  single  rotating  wheel,  the  steam 
then  being  allowed  to  further  fall  in  pressure  in  a  second 
ring  of  guides  and  the  velocity  due  to  this  second  drop  used 
in  the  next  rotating  wheel,  and  so  on;  or  (3)  a  combination 
of  the  above  two  types,  in  which  a  moderate  pressure  drop 
is  followed  by  several  purely  velocity  stages,  and  then  a 
further  pressure  drop  is  followed  by  several  more  velocity 
stages,  until  the  final  pressure  is  reached.  Turbines  of  these 
types  have  been  designed  by  Eeidler-Stumpf,  Curtis,  etc. 

Let  us  consider  first  the  type  in  which  a  single  pressure 
stage  only  is  used,  the  peripheral  velocity  of  the  turbine 
being  reduced  by  making  the  steam  flow  at  constant  pressure 
through  a  series  of  fixed  and  rotating  vanes. 

The  velocities  of  the  steam  at  the  entrance  and  exit  of 
each  wheel  of  vanes  will  be  given  for  an  axial  turbine  by 
fig.  53,  which  shows  two  guide  and  two  rotating  rings.  It  is 
at  once  seen  how  the  original  absolute  steam  velocity  o-0  is 
reduced  to  a  low  value  <r.  The  exit  angles  of  the  fixed 
guide  blades  is  kept  as  small  as  possible — from  20°  to  30° — 
and  usually  the  inlet  angles  of  the  rotating  vanes  are  made 
the  same  as  their  exit  angles.  The  final  absolute  steam 
velocity  cr  will  be  given  by  the  fact  that  a-  cos  a  must  not  be 
less  than  V,  the  peripheral  vane  velocity,  and  in  practice  it 
should  be  more  than  this.  If  friction  be  taken  into  account, 
the  steam  velocity  through  each  set  of  vanes  will  decrease 
more  quickly  still,  and  the  number  of  wheels  necessary  to 
bring  the  steam  velocity  to  the  final  velocity  permissible 
will  be  obtained  from  fig.  54.  This  diagram  has  been  drawn 
on  the  assumption  that  the  exit  angle  from  every  set  of 
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guide  blades  is  the  same,  so  that  the  steam  impinges  on  each 
rotating  wheel  at  the  same  angle;  and  friction  has  been 
taken  into  account  by  decreasing  the  steam  velocity  by  a 
constant  proportion  (c=  -8)  between  each  set  of  vanes.  With 
the  given  initial  steam  velocity  <TO  and  speed  V,  it  is  obvious 
from  the  diagram  that  such  an  impulse  turbine  would  require 
three  stages  to  reduce  the  steam  velocity  to  its  final  amount, 
the  number  of  stages  in  any  other  case  depending  on  o-0,  on 
the  peripheral  wheel  speed  (V)  desired,  and  on  the  frictional 
loss  in  each  set  of  vanes. 


Guide  nozzle  I . 


Rotating  wheel    I. 


Guide  wheel  2. 


Rotating    wheel  2. 


Hence  in  any  actual  case,  by  drawing  such  a  velocity 
diagram  the  theoretical  number  of  rotating  and  fixed  wheels 
can  be  determined.  It  is  generally  convenient  to  draw  the 
diagram  in  the  more  compact  form  shown  in  fig.  55.  This 
has  been  drawn  to  the  same  scale  as  fig.  54,  and  by  comparing 
the  two  figures  it  will  be  seen  the  resulting  velocities  and 
angles  are  identical  whichever  method  is  adopted. 

Now  let  us  consider  the  second  type  of  impulse  turbine,  in 
which  a  single  pressure  stage  is  followed  by  a  single  velocity 
stage,  then  another  pressure  stage  by  another  velocity 
stage,  and  so  on.  In  such  turbines  the  fall  of  pressure  in 
any  single  ring  of  guide  vanes  will  be  small,  and  hence  the 
velocity  with  which  the  steam  enters  any  particular  ring  of 
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rotating  vanes  will  also  be  small.  The  result  is  that  a  much 
less  peripheral  speed  of  turbine  wheel  can  be  adopted  than 
with  an  impulse  turbine  of  the  single-stage  type. 


Rotating 
Wheel  I 


Rotating  Wheel  2 


Rotating   Wheel  3. 


FIG.  54. 


The  drop  in  pressure  in  any  particular  set  of  guide  vanes 
may  be  arbitrarily  chosen,  but  from  a  theoretical  point  of 


FIG.  55. 

view  it  will  be  advisable  to  choose  the  pressure  drops  so  that 
each  wheel  of  rotating  vanes  may  perform  an  equal  amount 
of  work. 
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If  the  whole  pressure  drop  occur  in  one  stage,  we  have 
already  seen  (§  51)  that  the  theoretical  work  available  is 
given  by  2 

II  —  — 

w 

where  <r  is  the  velocity  of  the  steam  due  to  the  total  fall  in 
pressure. 

If  our  turbine  consists  of  s  rotating  wheels,  each  doing  the 
same  amount  of  work,  then  the  work  done  (U')  in  any  one 
wheel  is  ir  2 

U'  =  -  =  —  • 

s      2(/s 

Hence  the  velocity  o-0  with  which  the  steam  will  enter  the 
first  rotating  wheel  must  be 


V*' 

from  which  it  is  evident  that,  for  a  given  initial  steam 
pressure,  the  initial  steam  velocity  must  be  inversely  pro- 
portional to  the  square  root  of  the  number  of  stages  of  the 
turbine. 

It  at  once  follows  from  this  that  for  maximum  efficiency 
the  peripheral  wheel  speed  V,  of  such  a  turbine  with  s  stages, 
must  be  given  by  v 

V'         s; 

where  V  is  the  speed  of  a  single-stage  impulse  turbine  in 
which  the  initial  steam  velocity  is  &. 

The  velocity  (o^)  of  steam  exit  from  the  first  rotating 
wheel  can  be  found  by  the  velocity  diagram  as  seen  in  fig.  49, 
when  V  is  known.  The  steam  passes  on  to  the  next  guide 
wheel  with  this  velocity  a-v  and  in  the  guide  wheel  o^  will 
increase  to  o-2  owing  to  the  further  drop  in  pressure  occurring 
in  these  vanes.  2  2  TT 

Hence  ^-  °"n      "'      u 


since  the  power  to  be  developed  in  the  next  wheel  of  the 
turbine  is  to  be  the  same  as  that  developed  in  the  first  wheel. 
Therefore 
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Initial  Pressure 


This  gives  the  velocity  <r2  of  steam  entrance  to  the  next 
ring  of  rotating  vanes ;  and  by  combining  this  with  V  we 
get  the  vane  angles  of  the  next  ring  of  vanes,  and  the 
absolute  velocity  of  the  steam  discharge  (o-3)  from  the  vanes. 
Proceeding  in  this  way  we  can  get  the  vane  angles  and 
steam  velocities  for  the  whole  s  wheels  of  the  turbine. 

To  find  the  cross-sectional  steam  areas  through  the  various 
turbine  wheels  we  must  draw  a  theoretical  expansion  diagram 
between  the  given  limits  of  pressure,  as  shown  in  fig.  56, 
to  represent  the  total  work  U's  that  the  turbine  is  required 
to  develop,  and  then 
divide  it  up  into  s 
equal  areas  by  lines 
of  constant  pressure 
as  shown,  s  being 
decided  by  the  peri- 
pheral wheel  speed 
desired.  The  hori- 
zontal division  lines 
will  then  give  the 
required  drop  of 
pressure  in  each 
ring  of  guide  vanes, 
and  from  these  pres- 
sures the  specific 
steam  volumes  can 
be  obtained  that  are 

necessary  for  the  calculation  of  the  cross-sectional  areas  of 
the  various  wheels  by  the  method  explained  in  §  53. 

The  third  type  of  impulse  turbine  need  not  be  discussed, 
as  it  simply  consists  of  a  combination  of  the  two  types  just 
described,  and  therefore  the  same  principles  apply. 

§  56.  Multiple  -  stage  Reaction  Turbines.  —  The 
principle  of  the  action  of  these  turbines  is  identical  with 
that  of  the  single-stage  reaction  type,  and  they  may  in  fact 
simply  be  considered  as  a  number  of  single-stage  reaction 
turbines  attached  to  the  same  shaft.  The  difference  between 
the  two  types  is,  that  in  the  single-stage  turbines  the  total 
steam  pressure  drop  between  the  boiler  and  the  condenser 
occurs  in  a  single  pair  of  guide  and  rotating  wheels,  while  in 
the  multiple  type  the  total  pressure  drop  is  divided  amongst 
a  number  of  wheels,  with  the  result  that  the  fall  of  pressure 


Ps 


FIG.  56. 
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in  any  one  wheel  is  much  reduced  and  the  steam  and 
peripheral  velocities  correspondingly  decreased. 

Turbines  of  this  type  have  been  designed  by  Rateau, 
Parsons,  Schulz,  and  others. 

The  practical  design  of  such  turbines  depends  largely  on 
experiment,  as  it  is  found  that  mechanical  considerations, 
such  as  the  clearance  between  the  vanes  and  casings  of  the 
turbines,  etc.,  complicate  the  problem  in  a  manner  that 
cannot  be  allowed  for  by  theory  alone.  For  instance,  in 
axial-flow  reaction  turbines  of  the  Parsons'  type  it  is  found 
by  experiment  that  the  consumption  of  steam  for  a  turbine  of 
a  given  power  appears  to  be  almost  independent  of  the  initial 
pressure  of  the  steam  supplied  to  the  turbine  ;  while  on  the 
other  hand,  small  decreases  of  vacuum  on  the  low-pressure  side 
of  such  a  turbine  have  a  very  marked  effect  in  increasing  its 
efficiency,  a  result  that  could  not  be  predicted  from  theory  only. 

Multiple-stage  reaction  turbines  are  built  only  with  full 
peripheral  steam  admission. 

For  a  turbine  of  a  given  power  the  weight  of  steam  (W) 
passing  through  the  turbine  per  second  is  approximately 
known  by  experience  ;  and  when  the  condenser  pressure  (ps) 
is  decided,  the  volume  of  steam  passing  through  the  last  ring 
of  vanes  can  be  at  once  determined,  and  from  this  the  cross- 
sectional  steam  area  through  the  last  wheel,  since  the  final 
velocity  of  the  steam  (crs  say)  must  be  sufficient  to  get  the  given 
weight  of  steam  through  the  turbine  —  and,  from  practical  con- 
siderations, it  cannot  be  much  less  than  100  feet  a  second. 

If  p  be  the  initial  boiler  pressure,  the  total  work  (U) 
available  per  Ib.  of  steam  supplied  to  the  turbine  is  given  by 

u=  *      fi_ 

n-Y      (          p 

Hence  the  maximum  theoretical  work  that  can  be  done  in 
the  turbine  per  Ib.  of  steam  is 


The  peripheral  speed  (V)  of  the  turbine  wheels  must  be 
decided  on  by  the  work  that  the  turbine  is  desired  to 
perform.  When  this  is  settled,  the  initial  steam  velocity 
o-0  in  the  first  ring  of  vanes  is  obtained  from  the  considera- 
tions of  maximum  efficiency  given  in  §  53,  and  from  this  the 
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fall  in  steam  pressure  in  the  first  ring  of  vanes  to  give  this 
velocity  can  be  at  once  deduced.  Assuming  this  fall  of 
pressure  constant  throughout  every  wheel  of  the  turbine, 
and  knowing  V,  the  steam  velocities  through  any  guide  or 
rotating  wheel,  and  the  vane  angles  for  any  wheel,  can  be 
obtained  graphically,  identically  as  explained  for  the  single- 
stage  reaction  turbine. 

If  the  pressure  drop  be  arranged  to  make  the  work  done  in 
each  stage  constant,  then  the  work  done  in  any  pair  of  guide 
and  rotating  wheels  will  be  the  same  as  that  done  in  the 
first  pair,  and  will  be  given  by 


where    the    symbols   have    the    same    meaning    as    before. 
Hence  if  s  be  the  number  of  stages  in  the  whole  turbine, 


which  gives  s  when  'U1  and  U  are  known.  On  either 
assumption  the  steam  pressures  at  the  commencement  of 
every  stage  can  be  found  when  U,  V,  and  <r0  are  decided  ; 
and  so  the  specific  steam  volumes  and  cross-sectional  areas 
through  the  turbine  wheels  can  be  obtained  at  any  point,  by 
the  use  of  a  diagram  similar  to  that  drawn  for  the  multiple- 
stage  impulse  turbine  in  fig.  56. 

Friction  can  be  approximately  taken  into  account  as  with 
the  impulse  turbine. 

In  reaction  turbines  of  considerable  power  the  number  of 
stages  becomes  very  large,  and  the  steam  area  through  the 
lower  pressure  wheels  becomes  also  very  great.  If  the 
peripheral  speed  V  be  kept  constant  for  all  the  wheels  on 
the  same  shaft,  this  necessitates  either  very  large  turbine 
blades,  or  else  unduly  large  spacing  of  the  blades  in  the  final 
stages.  As  this  is  objectionable  for  practical  reasons,  it  is 
usual  in  such  turbines  to  increase  the  diameter  of  the  wheels 
after  a  suitable  number  of  stages.  This  increases  the  value 
of  V,  but  permits  of  the  required  increase  of  steam  area 
while  keeping  a  reasonable  length  of  blade. 

A  section  through  such  a  turbine  is  shown  in  fig.  57. 
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EXAMPLES. 
CHAPTER  I. 

1.  Find  the  external  work  done  during  adiabatic  expansion  in 
terms  of  the  initial  and  final  temperatures  of  the  expansion. 

Ans.  K/Tj-Tg). 

2.  Find  the  store  of  energy  in  a  reservoir  of  5  cub.  ft.  capacity 
when  air  is  stored  in  it  at  70  atmospheres  pressure :   (a)  when  the 
index  of  the  expansion  law  is  given  by  n=  1,  and  (b)  when  n=  1*4. 

Ans.  (a)  1080  foot-tons;  (b)  487  foot-tons. 

3.  Find   the  absolute  zero  of  temperature  from  the  following 
data:  under  a  pressure  of  2116*4  Ibs.  per  sq.  ft.  and  at  32°  F. 
the  volume  of  1  Ib.  of  air  is  12'387  cub.  ft.,  while  at  104°  F.  it  is 
14'2  cub.  ft.  Ans.    -461°  F. 

4.  1  Ib.  of  air  at  32°  F.  has  its  volume  doubled  at  constant 
pressure.     What  is  its  final  temperature,  and  how  much  external 
work  is  done  during  the  expansion,  and  how  much  heat  must  be 
supplied?     Ans.  525°  F. ;  U  =  26,200  foot-lbs. ;  Q  =  117B.T.U. 

5.  Dry  steam  at  15  Ibs.  absolute  pressure  per  sq.  in.  is  super- 
heated till  its  temperature  is  250°  F.,  when  it  is  assumed  to  be  a 
perfect  gas.     In  what  proportion  will  its  volume  increase  if  the 
pressure  remain  constant?  Ans.  1*076. 

6.  If  1  Ib.  of  air  does  390*6  foot-lbs.  of  work  without  receiving 
or  rejecting  any  heat,  what  will  be  its  fall  in  temperature  ? 

Ans.  3°  F. 
123 
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7.  The  temperature  of  1  Ib.  of  air  is  observed  to  fall  from 
540°  F.  to  290°  F.  while  it  expands  adiabatically  to  double  its 
volume,  doing  32,600  foot-lbs.  of  work  in  the  process.  Find  the 
values  of  the  specific  heats  of  the  air  at  constant  pressure  and 
constant  volume.  Ans.  Kp=  '2375  T.U. ;  Kv=  '1685  T.U. 


CHAPTER  II. 

8.  Compare   the   efficiencies   of :    (a)   a   Stirling    engine   with 
perfect  regenerator  in  which  the  maximum  pressure  is  115  Ibs. 
per  sq.  in.  absolute  and  minimum  pressure  15  Ibs.  absolute,  and 
limits  of  temperature  600°  F.  and  70°  F. ;   and  (b)  a  perfectly 
reversible    steam-engine    working   between   the    same    limits    of 
pressure.     If   the  piston  speed  and  stroke  be  the  same  in  both 
engines,  compare  the  areas  of  the  pistons  for  equal  power. 

Ans.  50  %;  15  7  %;       Area  of  Stirling  cylinder     ^.^ 
Area  of  steam-engine  cylinder 

9.  If  air  expand  according  to  the  law  PV592  =  constant,  what 
fraction  of  the  heat  expended  during  the  expansion  is  turned  into 
work1?  Ans.  '5. 

10.  Compare  and  tabulate  the  performances  of:    (a)  a  perfect 
heat-engine,  (b)  a  Stirling's  air-engine,  and  (c)  an  Ericcson's  air- 
engine  working  between  limits  of   temperature   of    650°  F.  and 
150°  F.,  assuming  the  lowest  pressure  is  14'7  Ibs.  per  sq.  in.  and 
the   ratio   of   isothermal   expansion  is  2  in    each   case,  and    the 
Stirling  and  Ericcson's  engines  are  fitted  with  regenerators  having 
an  efficiency  of  '9.     Find  the  work  done  per  Ib.  of  air,  the  volume 
swept  through  per  H.P.  per  minute,  and  the  efficiency,  for  each 
engine. 

Work  done.  Vol.  per  H.P.  min.  rj. 

Ans.  (a)  18,437  foot-lbs.            49  cub.  ft.  -45 

(b)  18,437       „                27-3      „  -38 

(c)  18,437       „               72-5      „  -367 

11.  If  a  perfect  air-engine  work  between  limits  of  temperature 
of  60°  F.  and  500°  F.,  find  its  efficiency  and  the   ratio   of   the 
adiabatic  expansion.  Ans.  *457 ;  4*47. 

12.  Air  at  60°  F.  is  compressed  from  14'7  Ibs.  to  1000  Ibs.  per 
sq.  in.  absolute  pressure,  according  to  the  law  PV1-2M  =  constant. 
It  is  then  cooled  at  constant  volume  to  60°  F.,  and  then  allowed 
to  expand  according  to  the  same   law   to   its   original   pressure. 
Find  the  work  done  on  the  air  per  Ib.  in  passing  it  through  this 
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cycle  of  operations,  and  the  number  of  Ibs.  of  air  dealt  with  per 
min.  by  a  30  H.P.  pump.  Ans.  68,100  Ibs.  ft. ;  14-5  Ibs. 

13.  A  heat-engine  receives  1000  thermal  units  at  a  temperature 
of  300°  F.,  and  500  units  uniformly  as  the  temperature  falls  from 
300°  F.  to  200°  F.  The  engine  rejects  all  its  heat  at  125°  F. 
Find  the  maximum  possible  efficiency;  and  if  the  source  of  heat  be 
at  500°  F.,  what  is  the  loss  of  heat  due  to  riot  using  the  whole 
available  energy  ?  Ans.  -21;  Loss  =  265'2  T.U. 


CHAPTER  III. 

14.  Calculate  the  diagram  efficiency  of  a  gas-engine  using  the 
Otto  cycle  :  (1)  when  the  compression  pressure  is  45  Ibs.  by  gauge, 
and  (2)  when  it  is  75  Ibs.  by  gauge,  per  sq.  in.,  assuming  the 
mixture  is  drawn  in  at  15  Ibs.  absolute  per  sq.  in.  in  each  case, 
and  the  expansion  and  compression  are  adiabatic. 

Ans.  (1)  -345;  (2)  -415. 

15.  Assuming  1  cub.  ft.  of  gas  requires  7  cub.  ft.  of  air  for  its 
complete  combustion,  and  1  Ib.  of  the  gas  occupies  30  cub.  ft. 
at   atmospheric   pressure    and   at    59°  F.,  find  the  pressure  and 
temperature  produced  by  the  combustion  of  1  Ib.  of  the  gas  at 
constant   volume,    having   given   that   the   combustion  produces 
19,500  thermal  units  per  Ib.  of  gas,  and  that  the  initial  tempera- 
ture of  the  gas  and  air  is  59°  F.     Assume  Kp=  '248  and  Kv=  '175 
for  the  burnt  gases.         Ans.   195  Ibs.  per  sq.  in.  abs. ;  6559°  F. 

16.  In  three  Otto  gas-engines  the  compression  spaces  are  *6,  '4, 
and  *34  of  the  stroke  volume  respectively.     If  the  actual  efficiencies 
of  the  engines  are  '17,  '21,  and  '25,  find  how  much  of  the  heat 
expenditure  is  shown  in  the  indicator  diagrams,  and  how  much 
is  added  after  ignition. 

(1)      (2)     (3) 

Ans.  Heat  developed  on  ignition   '512  -525  '584  I    of  the  total 
Heat  added  after  ignition      '488  '475  '416  J  calorific  value. 

17.  An  Otto  cycle  gas-engine  of  35  I. H.P.  has  a  gas  consump- 
tion   of    14-7    cub.    ft.  per   I.H.P.  per   hour.     If   the  maximum 
pressure  developed  in  the  engine  cylinder  be  220  Ibs.  per  sq.  in. 
absolute,  the  compression  pressure  75  Ibs.  absolute,  and  the  suction 
pressure  14'7  Ibs.  absolute,  find  its  efficiency  from  the  indicator 
diagram,  and  also  its  actual  efficiency,  the  calorific  value  of  the  gas 
being  19,500  T.U.  per  Ib.,  and  1  Ib.  of  the  gas  occupying  30  cub. 
ft.  at  atmospheric  pressure.  Ans.  '377  ;  *269. 
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18.  If   a  cubic  foot  of  gas  having  a  calorific  value  of  19,500 
T.U.  per  Ib.  be  mixed  with  12  cub.  ft.  of  air  at  59°  F.  and   147 
Ibs.  pressure  per  sq.  in.  absolute,  and  if  1  Ib.  of  the  gas  occupies 
30  cub.  ft.  at  this  pressure,  find   the  temperature  and  pressure 
produced  by  perfect  combustion  on  ignition  at  constant  volume. 
If  the  pressure  actually  reached  be   105  Ibs.  absolute,  find  the 
temperature  attained  and  the  proportion  of  gas  burnt  on  ignition. 

Ans.  3959°  F. ;  125  Ibs.  per  sq.  in. ;  3259°  F. ;  82  %. 

19.  What   percentage   of    steam    evaporated    in   a    boiler    is 
required  to  inject  oil  through  burners  supplying  oil  fuel  to  the 
boiler  furnace  if  the  pressure  in  the  boiler  be  150  Ibs.  per  sq.  in.  by 
gauge,  the  temperature  of  the  feed  water  be  60°  F.,  and  1  Ib. 
of  the  oil  requires  *7  Ibs.  of  steam  to  spray  it  into  the  furnace  ? 
Assume  the  calorific  value  of  the  oil  to  be  18,500  T.U.  per  Ib., 
and  that  1  Ib.  of  the  oil  can  evaporate  14  Ibs.  of  boiler  water 
from  and  at  212°  F.  Ans.  6  "06  per  cent. 

20.  Neglecting  all  losses,  find  the  horse-power  of  an  oil-pump 
to  supply  oil  to  the  burners  of   six  boilers  at  300  Ibs.  per  sq. 
in.   by  gauge  —  the  boilers  evaporating  9000  Ibs.  of  water  per 
hour  at  300  Ibs.  gauge  pressure  from  a  feed  water  temperature  of 
100°  F.,  1  Ib.  of  the  oil  being  capable  of  evaporating  15 '5  Ibs.  of 
water  in  the  boilers  from  and  at  212°  F.  Ans.  '24. 


CHAPTER  IV. 

21.  By  means  of  a  reversed  perfect  heat-engine  ice  at  32°  F. 
is  to  be  made  from  water  at  67°  F.,  the  temperature  of  the  brine  or 
freezing  mixture  being  19°  F.    How  many  Ibs.  of  ice  at  32°  F.  can 
be  made  per  H.P.  per  hour,  taking  the  latent  heat  of  ice  as  144 
thermal  units  ?  Ans.   143  Ibs. 

22.  Find    the   least   horse-power   of   a  reversed  perfect   heat- 
engine  that  will  make  800  Ibs.  of  ice  per  hour  at  27°  F.,  from 
water  at  70°  F.     Specific  heat  of  ice=  '5.  Ans.  5'08  H.P. 

23.  If   the   compression   pressure   of   a  reversed  Joule's   heat- 
engine  be  45  Ibs.  absolute  per  sq.  in.,  and  the  suction  pressure  be 
15    Ibs.    absolute,  find   the   lowest  temperature  produced  in  the 
engine,    the   air    being   cooled   at    the    highest   temperature    by 
circulating  water  at  the  temperature  of    the  atmosphere,  which 
is  90°  F.  Ans.    -61°  F. 

24.  In  a  Joule's-cycle  refrigerator  with  a  perfect  interchanger, 
the   lowest    temperature    produced    is    367C    absolute,    and   the 
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temperatures  of  the  cooling  water  and  air  suction  are  both  90°  F. 
Find  the  coefficient  of  performance,  and  the  number  of  Ibs.  of 
ice  that  can  be  made  per  H.P.  per  hour.  Ans.  2 '07  ;  36  Ibs. 

25.  A  reversed  perfect  heat-engine  is  used  to  warm  the  air  in  a 
room  from  32°  F.  to  90°  F.     How  many  cub.  ft.  of  warm  air  can 
be  supplied  by  the  engine  per  H.P.  per  minute  ?          Ans.  405. 

26.  An  engine  A  working  a  reversed  heat-engine  B  is  employed 
for  warming  the  air  in  a  room,  the  actual  thermal  efficiency  of  A 
being  J.     B  takes  in  heat  at  32°  F.  and  rejects  it  at  77°  F.,  its 
relative  performance  compared  to  a   perfectly  reversible   engine 
being  '6.     Assuming  15  per  cent,  of  the  energy  of  A  is  lost  in 
friction,  and    supposing   the   heat   available  to   warm    the  room 
consists  of  all  the  heat  rejected  by  B  and  f  that  rejected  by  A, 
find  the  ratio  of  this  quantity  to  the  heat  supplied  to  A. 

Ans.  1-356. 


CHAPTER   V. 

27.  In  an  example   of   air-power   transmission   the   maximum 
pressure  in  the  compressor  was  7  atmospheres,  and   in  the  air- 
motor    6  '5    atmospheres    per   sq.    in.    absolute.      Assuming   the 
compression  and  expansion  adiabatic,  find  the  efficiency  of  the 
combination  of  compressor  and  motor.  Ans.  '55. 

28.  In   the    last   question   if    the   initial   air   temperature   be 
60°  F.,  find  the  final  temperature  in  the  motor  :   (1)  supposing 
no  drop  in  pressure  between  the  pump  and  motor  ;  (2)  with  a 
drop  of  pressure  of  '5  atmospheres. 

Ans.  (1)  -164°F.;  (2)  -157°F. 

29.  If  V2  cub.  ft.  of  air  have  to  be  discharged  from  an  air- 
compressor  at  pressure  p2  and  atmospheric  temperature,  and   if 

the  clearance  volume  of  the  cylinder  be  —  that  of  the  effective 

m 

piston  displacement,  show  that  the  volume  of  the  cylinder  must  be 


r  pl 

where  r  is  the  number  of  revolutions  per  minute  of  the  compressor, 
and  pl  is  the  atmospheric  pressure,  the  law  of  expansion  and 
compression  being  pVn  =  constant. 

30.  A  pump  of  1  foot  stroke  and  pump-barrel  2  in.  in  diameter 
is  used  to  force  air  into  a  reservoir  of  1  cub,  ft.  volume.     Find 
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the  pressure  in  the  reservoir  after  50  strokes  with  the  pump,  and 
also  the  work  done  in  pumping:  (1)  if  the  compression  be  iso- 
thermal ;  (2)  if  adiabatic. 

Ans.  (1)  30-7  Ibs.         (2)  41  -6  Ibs. 

950  foot-lbs.         1540  foot-lbs. 

31.  A  chamber  of  100  cub.  ft.  capacity  is  exhausted  by  a  pump 
to  yV  of  an  atmosphere.     Find  the  least  net  work  that  must  be 
done  in  pumping,  assuming  isothermal  expansion  of  the  air. 

Ans.   142,000  foot-lbs. 

32.  Find  the  work  done  per  Ib.  of  air  in  a  single-stage  air- 
compressor   in    compressing   air   from   1   to    7    atmospheres   and 
discharging  it  at  the  higher  pressure,  the  initial  temperature  of 
the  air  being  59°  F.  and  the  law  of  compression  pVl"2  =  constant. 
If  the  compression  be  carried  out  in  two  stages,  what  saving  in 
work  will  result?         Ans.  63,400  foot-lbs. 

58,400  foot-lbs.,  saving  7 '9  per  cent. 


CHAPTER  VI. 

33.  1  Ib.  of  dry  steam  is  contained  in  a  cylinder,  the  pressure 
being  60-4  Ibs.  per  sq.  in.  absolute.     It  is  condensed  at  constant 
volume  until  the  pressure  falls  to  3*5  Ibs.  absolute.     Assuming 
the  dryness  fraction  at  the  lower  pressure  is  -0686,  find  the  heat 
rejected  during  condensation.  Ans.  921  B.T.U. 

34.  In   a   condensing   steam-engine   cylinder   the   pressure   at 
release  is  8  Ibs.  per  sq.  in.  absolute,  the  dryness  fraction  being  *8. 
The    back    pressure    is    3 -5    Ibs.    absolute,    and    the    condenser 
temperature  100°  F.     Find  the  heat  rejected  to  the  condenser 
per  Ib.  of  steam.  Ans.  836.5  B.T.U. 

35.  1  Ib.  of  water  at  32°  F.  is  contained  in  a  closed  vessel  of 
150  times  its  volume.     Heat  is  supplied  to  the  vessel  until  all  the 
water  is  just  evaporated.     Find  the  pressure  of  steam  produced, 
and    the   amount   of   heat   supplied :    (1)  when  the   chamber   is 
initially  empty  except  for  the  water;  (2)  when  the  vessel  is  full 
of  air  above  the  water,  and  this  air  is  expelled. 

Ans.  187  Ibs.  per  sq.  in.;  (1)  1110  B.T.U.;  (2)  1116-5  B.T.U. 

36.  A  boiler  contains  500  gallons  of  water  at  a  temperature  of 
60°  F.     Find  approximately  how  much  coal  must  be  expended  in 
raising  steam  to  60  Ibs.  absolute  pressure,  the  heat  given  to  the 
boiler  being  10,000  B.T.U.  per  Ib.  of  coal.  Ans.  116  Ibs. 
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37.  Dry  steam  at  100  Ibs.  absolute  pressure  per  sq.  in.  expands 
adiabatically  to  40  Ibs.  absolute.     Find  the  dryness  fraction  at 
the  lower  pressure.  Ans.  -95. 

38.  In    a   jacketed   steam-engine   developing    645    I.H.P.    the 
cylinder  feed  was  136'5  Ibs.  per  minute,  and  the  steam  supplied 
to  the  jackets  6*2  Ibs.  per  minute.     The  temperature  of  the  steam 
supply  to  the  cylinder  and  jackets  was   373°  F.,  and  the  feed 
water  temperature  was   90°  F.     Assuming  all  the  jacket  water 
returned  to  the  feed  tank,  find  the  heat  supplied  to  the  engine 
cylinder  by  the  jackets  per  H.P.  per  minute,  and  the  thermal 
efficiency  of  the  engine.  Ans.  249  B.T.U. ;  '17. 


CHAPTER  VII. 

39.  10  Ibs.  of  air  at  1500  Ibs.  pressure  per  sq.  in.  absolute  and 
at  59°  F.  escapes  from  a  reservoir  of  constant  volume  into  the 
atmosphere.     Assuming  no  heat  is  received  from  the  surrounding 
air,    find   the   temperature    of    the    air    when    it    has    reached 
atmospheric  pressure.  Ans.    —  90°  F. 

40.  Air  is  being  discharged  into  a  boiler  furnace  from  an  air- 
compressing  pump  at  a  constant  pressure  of  25  Ibs.  per  sq.  in. 
absolute.     Find  the  energy  wasted  by  the  free  expansion  of  the 
air,  assuming  atmospheric  pressure  and  temperature  on  the  low- 
pressure  side  of  the  air  nozzles. 

Ans.  16,600  foot-lbs.  per  Ib.  of  air. 

41.  Dry  steam  at  100  Ibs.  absolute  pressure    per  sq.   in.  ex- 
pands  adiabatically  to  50  Ibs.  absolute,  and  then  is  released  into  a 
receiver  in  which  the  back  pressure  is  2  Ibs.  absolute.     Find  the 
dryness  fractious  of   the  steam  at  release  and  in  the  receiver, 
assuming  the  law  of  expansion  is  pv1'135  =  constant. 

Ans.  -96;  -94. 

42.  Dry  steam  at  300  Ibs.  absolute  per  sq.  in.  is  generated  in 
a  boiler,  and  is  then  passed  through  a  reducing  valve  where  the 
pressure  is  reduced  to  250  Ibs.   absolute   without  loss  of  heat. 
Find   the   dryness   fraction   on   the   lower  pressure   side   of  the 
reducing  valve,  and,  if  the  steam  be  superheated,   the  number  of 
degrees  of  superheat.  Ans.  I'Ol ;  14°  F. 

43.  If  steam  initially  dry  and  at  69'3  Ibs.  absolute  pressure 
expand  adiabatically  to  14*7  Ibs.  absolute,  deduce  the  value  of  n 
if  the  expansion  law  be  pVn  =  constant.  Ans.   1*144. 

9 
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44.  1  Ib.  of  dry  steam  at  100  Ibs.  absolute  pressure  is  super- 
heated by  being  discharged  through  an  orifice  into  a  region  of 
lower  pressure,  the  temperature  of  the  steam  after  discharge  being 
300°  F.      If  the  steam  be  continuously  supplied  at  the  higher 
pressure,  find  the  drop  in  pressure  to  produce  this  temperature  of 
superheat.  Ans.  68  Ibs. 

W 

45.  Find  approximate  values  of  — ^^  and  a-.,  for  steam  with  an 

Plu 

initial  dryness   fraction  of   '75   expanding   hyperbolically  during 
discharge  through  a  simple  orifice. 

Ans.  JL  j   1270  ft.  a  second. 

46.  A  vessel  containing  dry  steam  at  315  Ibs.  absolute  pressure 
discharges  it  into  the  atmosphere  through  an  orifice  2  in.  in  dia- 
meter.    Find   the   approximate    weight  of  steam  discharged  per 
second,  assuming  the  contracted  area  of  the  steam-jet  to  be  '75 
times  the  area  of  the  orifice.  Ans.  10'6  Ibs. 


CHAPTER   VIII. 

47.  Find  the  discharge  in  Ibs.  per  hour  of  dry  steam  at  100  Ibs. 
absolute  pressure    through  a   pipe  of    6   in.  diameter,  when  the 
pressure  drop  in  the  pipe  is  1  Ib.  per  sq.  in.  for  each  1000  feet- 
length  of  the  pipe.  Ans.  5500  Ibs. 

48.  In   a  pipe  50  ft.  long  and    2    ft.   diameter   the   drop  in 
pressure  is  1   Ib.   and  the  average  pressure  100  Ibs.  per  sq.  in. 
Find  the  flow  through  the  pipe  in  Ibs.  per  minute. 

Ans.  15,500  Ibs. 

49.  1000  Ibs.  of  dry  steam  are   to   be   delivered   per   minute 
through  a  pipe  1000  ft.  long,  with  a  drop  of  pressure  in  the  pipe 
of  10  Ibs.  per  sq.  in.     If  the  initial  pressure  of  the  steam  be  160  Ibs. 
absolute,  find  the  diameter  of  the  pipe  required  and  the  velocity  of 
the  flow.  Ans.  8'8  in. ;  114  ft.  per  second. 

50.  Dry  steam  at  105  Ibs.  absolute  pressure  per  sq.  in.  expands 
until  its  pressure  is  15  Ibs.  absolute,  and  is  then  found  to  be  still 
dry.      Find  the  heat  that  must  have  been  received  during  the 
expansion  per  Ib.  of  steam.  Ans.  115  B.T.U. 

51.  Steam  at  74  Ibs.  absolute  pressure  containing  5  per  cent,  of 
moisture  is  expanded  hyperbolically.     Find  the  pressure  at  which 
the  steam  will  just  become  dry,  and  the  heat  received  during  the 
expansion  to  this  pressure. 

Ans.  35  Ibs.  per  sq.  in.  absolute;  90'3  B.T.U.  per  Ib. 


APPENDIX   I.  131 


CHAPTER    IX. 

52.  Find  the  number  of  Ibs.  of  water  raised  per  Ib.  of  steam 
through  a  total  height  of  100  ft.  by  an  ejector  20  ft.  above  the 
suction  tank,  the  steam  pressure  in  the  boiler  being  45  Ibs.  by 
gauge  per  sq.  in.  and  the  steam  dry,  while  the  pressure  in  the 
orifice  of  the  ejector  is  -6  of  the  boiler  pressure.     Find  also  the 
work  done ;  and  if  the  total  height  of  lift  be  halved,  find  the  new 
work  done  and  number  of  Ibs.  of  water  raised  per  Ib.  of  steam. 

Am.  (1)  11-9  Ibs.  ;  1270  foot-lbs.  per  Ib.  steam. 
(2)  16-2  Ibs.;     840  foot-lbs.      „ 

53.  If    an    injector   receiving  boiler   steam   at    45   Ibs.    gauge 
pressure  per  sq.  in.  be  required  to  deliver  1200  gallons  of  water 
per  hour,  find  the  theoretical  diameters  of  the  steam  and  water 
orifices  of  the  injector,  having  given  that,  the  temperature  of  the 
feed  water  is  180°  F.,  the  temperature  of   the  supply  reservoir 
water  is  100°  F.,  and  the  steam  pressure  at  the  steam  orifice  of 
the  injector  is  '6  of  the  boiler  pressure. 

Ans.  Diameter  of  steam  orifice  =    '63  ins. 
,,  water       „      =  '327  ins. 

54.  An  injector  feeding  a  boiler  in  which  the  steam  pressure  is 
100  Ibs.  by  gauge  delivers  16  Ibs.  of  feed  water  for  each  Ib.  of  dry 
steam  supplied  to  it  by  the  boiler.     If  the  initial  temperature  of 
the  feed  supply  be  40°  F.,  what  is  its  final  temperature  on  leaving 
the  injector?  Ans.  109°  F. 

55.  A  steam  ejector  is  supplied  with  dry  steam  at  a  pressure  of 
231  Ibs.  per  sq.  in.  by  gauge.     The  ejector  discharges  water  from 
a  tank  at  the  rate  of  46'8  tons  an  hour  through  a  lift  of  13  ft. 
The  temperature  of  the  tank  water  is  41°  F.,  and  that  of   the 
water  discharged  from  the  ejector  83°  F.     Estimate  approximately 
the  quantity  of  steam  used  per  ton  of  water  pumped  from  the 
tank,  and  the  efficiency  of  the  ejector  as  a  pump. 

Ans.  81 -75  Ibs.;  -0004. 
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ADIABATIC  curve,  definition  of,  3. 

expansion  of  steam,  62. 
Advantages  of  compression  for  gas- 
engines,  26,  28. 
Advantages  of  oil  fuel,  35. 
"After  burning,"  24. 
Air  compressor,  loss  of  work  in,  50. 

single-stage,  54. 
mains,  loss  due  to,  57. 
motor,  loss  of  work  in,  50. 
thermometer,  zero  of,  9. 
Ammonia  vapour,  suitability  of,  as  a 

refrigerating  fluid,  43. 
Angle  of  cone  for  De  Laval  nozzles, 

109. 
Angle  of  nozzles  to  wheel  in  De  Laval 

turbines,  107. 
Angles  of  blades  in  De  Laval  turbines, 

108. 
Areas    between    blades    of    turbine 

wheels,  113. 

Areas  of  nozzles  for  injectors,  97. 
Atkinson  method  of  scavenging,  31. 

BEAU  DE  ROCHAS'   ideal  conditions 

for  gas-engines,  27. 
Bell-Coleman  refrigerator,  40. 
Boiler  funnel,  flow  of  gases  up,  86. 
Boyle's  Law,  10. 
Brayton  engine,  29. 
Buckett's  internal  combustion  engine, 

20. 

CALCULATION   of  work    done,    from 
indicator  diagrams,  63. 

Carbon  dioxide,  use  of,  as  a  refrigera- 
ting vapour,  43,  48. 

Carnot's  cycle  for  a  heat-engine,  15. 
principle,  7. 


Causes  of  loss  of  thermal  efficiency  of 
gas-engines,  29. 

Charles'  Law,  10. 

Clearance,  effect  of,  52,  71. 
of  turbine  blades,  106. 

Clerk,  results  of  experiments  on  ex- 
plosive mixtures,  24. 

Closed  heat  cycle,  definition  of,  14. 

Coal-gas,  composition  of,  31. 

Coefficient     of    performance     of    re- 
frigerators, 38. 

Combined  indicator  diagrams,  65. 

Combustion  in  engine  cylinder,  24. 

Compressed  air,  transmission  of  power 
by,  50. 

Compressing  plant,  losses  in,  50,  53. 

Compression  of  explosive  mixture  in 
cylinder,  26. 

Conditions  for  refrigeration,  37. 

Critical  temperature  of  carbon  dioxide 
gas,  48. 

Curtis  turbine,  115. 

Cycles  of  vapour  refrigerators,  44. 
Beau  de  Rochas',  27. 
Carnot,  15. 
Otto's,  27. 
used  in  gas-engines,  25. 

DE  LAVAL  turbine,  107. 
Densities  of  oil  fuels,  33. 
Design  factor,  67. 
Diesel  oil-engine,  29,  33. 

Meyer's  tests  with,  34. 
Discharge   of  gases  through  orifices, 
76. 

hyperbolic,  77. 

Dowson  gas,  composition  of,  32. 
Dry    and    saturated    expansion    of 
steam,  62. 
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Dryness  fraction  of  cylinder  steam, 

71. 
Dynamical  zero  of  temperature,  8. 

EFFECT  of  friction  on  the  flow  of  gases 
through  pipes,  88. 

of  unresisted  expansion,  73. 
Efficiency,  definition  of,  2. 

of  air  plant,  55,  57. 

of  ejectors,  97. 

of  gas-engines,  28. 

of  hot-air  engines,  16, 17, 18,  20,  22. 

of  turbines,  104,  105,  108,  112. 
Ejectors,  92. 

efficiency  of,  97. 
Ericcson's  hot-air  engine,  18. 
Expansion,    effect    of  increasing,    in 
Otto  cycle  engines,  30. 

of  gases,  laws,  9. 

Experimental  results  on  the  discharge 
of  gases  through  orifices,  81. 

FALL  of  pressure  in  pipes  for  a  given 

discharge,  91. 

Flash-points  of  oils,  33,  35. 
Flow  of  gases  along  pipes,  83. 

effect  of  friction,  88. 
through  orifices,  73. 
up  boiler  funnels,  86. 
Formation   of   steam    in    an   engine 

cylinder,  59. 
Friction,   effect  of,   on   discharge  of 

gases  through  pipes,  88. 
on  the  velocity  of  steam  through 

turbines,  106,  107. 
Fuel,  gaseous,  31. 
oil,  33. 

advantages  of,  for  marine  work, 

35. 

Funnels,   temperature  of,    for  maxi- 
mum draught,  88. 

GAS  and  air,  proportions  of,  for  ex- 
plosive mixture,  23. 
Gas-coal,  composition  of,  31. 
Gas-engine,  Lenoir,  25. 

Otto  and  Langen,  26. 

Otto,  27. 
Gas-engines,  compression  in,  25. 

cycles  used  in,  25. 

general  considerations,  23. 

loss  of  thermal  efficiency,  29. 
Gaseous  fuel,  31. 
Gases,  burnt,  specific  heat  of,  32. 

unresisted  expansion  of,  73. 

laws  of  expansion  of,  9. 


Graphical     representation     of     heat 

quantities,  3. 
Guide  blade  areas  for  turbines,  113. 

HAMPSON  and  Linde's  method  of  pro- 
ducing liquid  air,  49. 
Heat-engine,  Carnot's  cycle  for,  14. 
Heat  expenditure  during  expansion  of 

gases,  12. 

of  combustion,  calculation  of,  32. 
properties  of  vapours,  47. 
Hirn's  analysis,  67. 
Horse-power,  definition  of,  64. 

of  turbines,  calculation  of,  108,  112. 
Hot-air  engine,  Buckett's,  20. 
Ericcson's,  18. 
Stirling's,  16. 

Hot-air    engines,   general    considera- 
tions, 14. 
Hyperbolic  expansion  of  steam,  61. 

IMPULSE     turbines,     multiple-stage, 

115. 

single-stage,  107. 
Indicated  horse-power,  calculation  of, 

63. 

steam  consumption,  70. 
Injector  nozzles,  velocity  through,  93. 

areas  of,  97. 

determination  of  efficiency,  95. 
Injectors,  92. 

Internal  combustion  engines,  defini- 
tion of,  21. 

Intrinsic  energy,  meaning  of,  5,  12. 
Isothermal  curve,  definition  of,  6. 

JACKETS,   calculation  of  heat  given 

to,  61,  62,  70. 
Joly,  experimental  determination  of 

specific  heat,  11. 

Joule's  cycle  for  a  heat-engine,  21. 
equivalent,  value  of,  2. 
Law,  11. 

KELVIN'S  cycle  for  a  refrigerator,  40. 
Kirk's  refrigerating  engine,  39. 

LATENT  heat  of  evaporation  of  water, 
60. 

of  sulphurous  acid,  C02,  etc.,  47. 
Law  of  expansion  of  gases,  Boyle's,  10. 

Charles',  10. 

Joule's,  11. 

Regnault's,  10. 
Laws  of  thermo-dynamics,  1. 
Lenoir's  gas-engine,  25. 
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Limiting     revolutions      of     turbine 

wheels,  103. 

Liquid  air,  method  of  producing,  49. 
Loss    of    pressure    in    pipes    due   to 

friction,  90. 

of  work  in  air  mains,  57. 
of  thermal  efficiency  of  gas-engine, 
29. 

MEAN    pressures    in    steam  -  engine 
cylinders,  64,  67. 

Measurement  of  funnel  draught,  88. 

Method  of  reducing  losses  during  air 

compression,  53. 

of    "setting  back"  indicator  dia- 
grams, 71. 

Meyer,  results  of  tests  of  a  Diesel  oil- 
engine, 34. 

Multiple-stage   air   compression  and 

expansion,  57. 
turbines,  115,  119. 

NAPIER'S  experiments  on  discharge 

through  orifices,  81. 
Nature  of  expansion  curve  for  gases, 

11. 

Nozzle  of  De  Laval  turbine,  109. 
Nozzles,  ratios  of  pressures  to  areas  of, 

109. 

OIL-ENGINE,  Diesel,  33. 

Hornsby-Ackroyd,  33. 

Priestman,  33. 

Oil-fuel,    advantages   of,   for   marine 
work,  35. 

methods  of  burning,  34. 

pressure  burners  for,  36. 

steam  sprayers  for,  35. 
Orifices,  flow  through,  73. 
Otto  cycle  for  gas  and  oil  engines, 

27,  33. 

Otto  and  Langen  gas-engine,  26. 
Otto-Crossley  gas-engine,  28. 

PARSONS'  turbine,  120. 

Perfect  cycle  for  a  vapour  refrigerator, 

44. 
gas  thermometer,  9. 

Peripheral  speeds  of  impulse  and  re- 
action turbines,  114. 

Plant  for  air-power  transmission,  50. 

Preheater,  use  of,  with  air  expansion, 
52. 

Pressures  in  oil-fuel  burners,  36. 

Pressures,  ratio  of,  for  maximum  dis- 
charge through  orifices,  77,  79. 


Producer  gas,  32. 

Proportions  of  gas  and  air  for  ex- 
plosive mixtures,  23. 

QUANTITY  of  heat  transformed  into 
work  in  the  Diesel  oil-engine, 
34. 

of  water  pumped  through  injectors 
per  Ib.  steam,  95. 

RADIAL  flow  for  turbines,  101. 
Rankine's    cycle    for    a    vapour    re- 
frigerator, 40. 

Rateau  type  of  turbine,  120. 
Ratio  of  expansion,  efficiency  of  Otto 

cycle  dependent  on,  28. 
of  steam  cylinder  volumes  to  give 
equal    range   of   temperature, 
67. 

Reaction  degree  of  turbines,  112. 
turbines,  multiple-stage,  119. 

single-stage,  110. 
Reciprocating  steam-engines,  59. 
Refrigerating    effect     dependent    on 

heat  properties  of  fluids,  47. 
machines,  37. 

Refrigerator,  Carnot's  cycle  for,  38. 
Bell-Coleman,  40. 
Haslam  and  Hall,  40. 
Kirk,  39. 
vapour,  43. 

thermo- dynamic  cycles  of,  44. 
Regenerator,    increase     of    efficiency 

due  to,  17,  20. 
Regnault's  Law,  10. 
Reidler-Stumpf  type  of  turbine,  115. 
^Relative  velocities  of  turbine  wheels, 

113,  114. 

Reversibility  of  heat  cycles,  7,  37. 
Revolutions  of    turbines    dependent 
on  duty  performed,  103 

SCAVENGING,  31. 
Schulz  type  of  turbine,  120. 
Specific  heat,  calculation  of,  10,  11. 
Specific  heat  of  air,  10,  32. 

burnt  coal-gas,  32. 

liquid  ammonia,  47. 

liquid  carbon  dioxide,  47. 

liquid  sulphurous  acid,  47. 

superheated  steam,  10. 

water,  47. 

Stage  compression,  increase  of  effi- 
ciency due  to,  53. 

Stages,  number  of,  for  turbines, 
118,  121. 
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Steam  turbines,  100. 
consumption,  70. 

Stirling's  hot-air  engine,  16. 

Sulphuric  ether,  use  of  as  a  refrigera- 
ting vapour,  43. 

Sulphurous  acid,  use  of  as  a  refrigera- 
ting vapour,  43. 

TEMPERATURE    change    during    ex- 
pansion of  gases,  13. 
of    boiler    funnels    for    maximum 

draught,  88. 

Thermal  unit,  definition  of,  2. 
Thermo-dynamic   cycles    for   gas-en- 
gines, 25. 
Total  heat  of  combustion  of  coal-gas, 

32. 

evaporation  of  water,  60. 
Transfer  of  heat  between  steam  and 

cylinder  walls,  67. 
Transmission  of  power  by  compressed 

air,  50. 

Turbines,  classification  of,  100. 
single-stage  impulse,  107. 

reaction,  110. 
multiple-stage  impulse,  115. 

reaction,  119. 
Two-stage  air  compression,  55. 

UNRESISTED    expansion     of     gases, 

73. 
Useful  work,  measurement  of,  16,  17, 


20,  22,  27,  55,  63,  108,  112, 
118,  120. 

VAPOUR  refrigerators,  43. 

Velocities  of  turbine  wheels,  102,  113, 

114,  118,  120. 
Velocity  of  air,  compared  with  water 

transmission,  58. 
of    discharge     of    gases     through 

orifices,  78,  79,  80. 
of  discharge  through  injector  and 
ejector  nozzles,  93. 

WATER  evaporated  per  Ib.    of   coal 

and  oil,  35. 

jackets,  heat  absorbed  by,  24. 
vapour,  unsuitable  for  a  refrigera- 
ting Huid,  43. 
Weight  of  gases  discharged,  through 

orifices,  78,  79,  80. 
up  funnels,  87. 
Work  done  during  air  compression 

and  expansion,  54. 
in  a  steam-engine  cylinder,  59. 
lost  in  air- power  transmission,  50, 

57. 

Wright,    percentage    composition    of 
coal-gas  given  by,  31. 

ZERO,  dynamical,  of  heat,  8. 

of    temperature     of     perfect     gas 
thermometer,  9. 
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Rules  and  Tables, RANKINE  AND  JAMIESON,        .       .       .35 

Practical  Calculations,     .       .       .    C.  LARARD  AND  H.  GOLDING,  .       .       .    31 

Bonus  Tables, F.  A.  GOLDING,  .       .       .       .       .       .31 

Electrical  Pocket-Book,  .       .       .    MUNRO  AND  JAMIESON,     ....    49 

The  Calculus  for  Engineers,  .       .    PROF.  ROBT.  H.  SMITH 45 

Measurement  Conversions,     .       .    PROF.  ROBT.  H.  SMITH,    ....    45 
Traverse  Tables,        .       .       .       .    R.  L.  GURDEN 31 
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FOURTH    EDITION,   Revised,    with   Numerous  Diagrams,    Examples,   and! 
Tables,  and  a  Chapter  on  Foundations.     In  Large  8vo.     Cloth.     i6s. 

THE  DESIGN  OF  STRUCTURES: 

A  Practical  Treatise  on  the  Building  of  Bridges,  Roofs,  &e. 
BY    S.    ANGLIN,    C.E., 

Master  of  Engineering,  Royal  University  of  Ireland,  late  Whitworth  Scholar,  &c. 
"We  can  unhesitatingly   recommend  this  work  not  only  to  the  Student,  as  the  BEST 
TEXT-BOOK  on  the  subject,   but  also  to  the  professional  engineer  as  an   EXCEEDINGLY 
VALUABLE  book  of  reference. "'—Mechanical  World. 


In  Large  Crown  8vo.     Handsome  Cloth.     With  201  Illustrations.     6s.  net. 
AN  INTRODUCTION  TO 

TH:E  xyESiGM  OF  BEAMS, 

GIRDERS,  AND   COLUMNS 
IN  MACHINES  AND  STRUCTURES. 

With  Examples  in  Graphic  Statics. 

BY  WILLIAM  H.  ATHERTON,  M.Sc.,  M.LMECH.E. 

"A  very  useful  source  of  information.    ...    A  work  which  we  commend  very, 
highly."— Nature. 


THIRD    EDITION,    Thoroughly    Revised.      Royal  %vo.       With   numerous 
Illustrations  and  13  Lithographic  Plates.     Handsome  Cloth.     Price  30*. 

A    PRACTICAL    TREATISE    ON 

BRIDGE-CONSTRUCTION: 

Being  a  Text-Book  on  the  Construction  of  Bridges  in  Iron  and  SteeL- 

FOR  THE  USE  OF  STUDENTS,  DRAUGHTSMEN,  AND  ENGINEERS. 
BY   T.    CLAXTON     FIDLER,    M.  INST.  C.E., 

Prof,  of  Engineering,  University  College,  Dundee- 

"The  new  edition  of  Mr.  Fidler's  work  will  again  occupy  the  same  CONSPICUOUS- 
POSITION  among  professional  text-books  and  treatises  as  has  been  accorded  to  its  pre- 
decessors. SOUND,  SIMPLE,  AND  FULL." — The  Engineer. 


In  Medium  8vo.     Pp.  i-xv  +  248,  fully  Ilhistrated.     Price  los.  6d.  net. 

CONSTRUCTIONAL  STEELWORK : 

Being  Notes  on  the  Practical  Aspect  and  the  Principles  of  Design,  together- 
with  an  Account  of  the  Present  Methods  and  Tools  of  Manufacture. 

BY  A.   W.    FARNSWORTH, 

Associate  Member  of  the  Institute  of  Mechanical  Engineers. 

"A  worthy  volume,  which  will  be  found  of  much  assistance.      ...     A  book  of* 
particular  value." — Practical  Engineer. 
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In  Large  8vo.     Handsome  Cloth,  Gilt,  Uniform  with  Stability  of  Shipt 

and  Steel  Ships  (p.  38).      With  34  Folding  Plates  and  468 

Illustrations  in  the  Text.     80s.  net. 

The  Principles  and  Practice  of 

DOCK    ENGINEERING. 

BY  BRYSSON  CUNNINGHAM. 

GENERAL   CONTENTS. 

Historical  and  Discursive.  —  Dock  Design.— Constructive  Appliances  — 
Materials, — Dock  and  Quay  Walls. — Entrance  Passages  and  Locks. — 
Jetties,  Wharves,  and  Piers.  —  Dock  Gates  and  Caissons. — Transit  Sheda 
and  Warehouses. — Dock  Bridges. —Graving  and  Repairing  Docks. — 
Working  Equipment  of  Docks.  —INDEX. 

' '  We  have  never  seen  a  more  profusely- illustrated  treatise.  It  is  a  most  important 
standard  work,  and  should  be  in  the  hands  of  all  dock  and  harbour  engineers."— Steamship. 

"Will  be  of  the  greatest  service  to  the  expert  as  a  book  of  reference." — Engineer. 


In  Large  8vo.    With  Folding  Plates  and  Numerous  Illustrations.    16s.  net. 

A  COMPANION  VOLUME  TO  "DOCK  ENGINEERING." 

THE   PRINCIPLES  AND  PRACTICE   OF 

HARBOUR   ENGINEERING. 

BY     BRYSSON     CUNNINGHAM. 

CONTENTS.  —  Introductory.  —  Harbour  Design.  —  Surveying,  Marine  and 
Submarine. — Piling. — Stone,  Natural  and  Artificial. — Breakwater  Design. — 
Breakwater  Construction.  —  Pierheads,  Quays,  and  Landing  Stages.  — 
Entrance  Channels. — Channel  Demarcation.— INDEX. 

"  The  best  and  most  complete  book  we  have  seen  on  the  subject." — Steamship. 

"  This  is  a  standard  work  .  .  .  sure  to  prove  a  valuable  book  of  reference." — 
Shipping  World. 

In  Large  Crown  8vo.     Handsome  Cloth.     4s.  6d.  net. 

THE    THERMO-DYNAMIC    PRINCIPLES    OF 
ENGINE  DESIGN. 

BY    LIONEL    M.    HOBBS, 

nant,  E.N. ;  Instructor  in  A 
Design  at  the  Boyai  Naval 


Engineer-Lieutenant,  B.N. ;  Instructor  in  Applied  Mechanics  and  Marine  Engine 

1  College,  Greenwich. 


CONTENTS.  —  Laws  and  Principles  of  Thermo-Dynamics.  —  Hot-Air 
Engines.— Gas  and  Oil  Engines. — Refrigerating  Machines. — Transmission 
of  Power  by  Compressed  Air. — The  Steam  Engine. — Unresisted  Expansion 
and  Flow  through  Orifices. — Flow  of  Gases  along  Pipes. — Steam  Injectors- 
and  Ejectors. — Steam  Turbines.  —APPENDICES. — INDEX. 

"Serves  its  purpose   admirably    .    .    .    should  prove  of  invaluable  service    .    .    .    well 
up-to-date."— Shipping  World. 
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In  Handsome  Cloth.    With  252  Illustrations.     153.  net. 

THE  THEORY  OF  THE  STEAM  TURBINE. 

A  Treatise  on  the  Principles  of  Construction  of  the  Steam  Turbine, 
with  Historical  Notes  on  its  Development. 

BY  ALEXANDER  JUDE. 

CONTENTS —Fundamental. — Historical  Notes  on  Turbines. — The  Velocity  of  Steam. — 
Types  of  Steam  Turbines. — Practical  Turbines. — The  Efficiency  of  Turbines,  Type  I. — 
Trajectory  of  the  Steam.— Efficiency  of  Turbines,  Types  II.,  III.  and  IV.— Turbine  Vanes.— 
Disc  and  Vane  Friction  in  Turbines. — Specific  Heat  of  Superheated  Steam. — Strength 
of  Rotating  Discs. — Governing  Steam  Turbines. — Steam  Consumption  of  Turbines. — The 
Whirling  of  Shafts. — Speed  of  Turbines. — INDEX. 

"  One  of  the  latest  text-books    .     .     .    also  one  of  the  best    .     .     .     there  is  absolutely 
no  padding." — Sir  William.  White  in  the  Times  Engineering  Supplement. 


In  Large  Crown  8vo.     Handsome  Cloth.     With  131  Illustrations.    6s.  net. 

LECTURES  ON  THE  MARINE  STEAM  TURBINE, 

BY  PROF.  J.  HARVARD  BILES,  M.lNST.N.A., 

Professor  of  Naval  Architecture  in  the  University  of  Glasgow. 

"This  is  the  best  popular  work  ou  the  marine  steam  turbine  which  has  yet  appeared."— 
Steamship.  

Works  by  BRYAN  DONKIN,  M.Inst.C.E.,  M.Inst.Meeh.E.,  &e. 

FOURTH  EDITION,  Revised  and  Enlarged.     With  additional  Illustrations. 
Large  8vo,  Handsome  Cloth.     255.  net. 

A    TEXT-BOOK    ON 

GAS,  OIL,  AND  AIR  ENGINES. 

BY  BRYAN  DONKIN,  M.INST.C.E.,  M.INST.MECH.E. 

CONTENTS.— PART  I.— Gas  Engines  :  General  Description  of  Action  and  Parts.— 
Heat  Cycles  and  Classification  of  Gas  Engines. — History  of  the  Gas  Engine. — The 
Atkinson,  Griffin,  and  Stockport  Engines. — The  Otto  Gas  Engine. — Modern  British  Gas 
Engines. — Modern  French  Gas  Engines. — German  Gas  Engines. — Gas  Production  for 
Motive  Power. — Utilisation  of  Blast-furnace  and  Coke-oven  Gases  for  Power. — The  Theory 
of  the  Gas  Engine. — Chemical  Composition  of  Gas  in  an  Engine  Cylinder. — Utilisation  of 
Heat  in  a  Gas  Engine. — Explosion  and  Combustion  in  a  Gas  Engine. — PART  II. — 
Petroleum  Engines  :  The  Discovery,  Utilisation,  and  Properties  of  Oil.— Method  of 
Treating  Oil. — Carburators. — Early  Oil  Engines. — Practical  Application  of  Gas  and  Oil 
Engines.— PART  III.— Air  Engines.— APPENDICES.— INDEX. 

''The  best  book  now  published  on  Gas,  Oil,  and  Air  Engines." — Engineer. 

In  Quarto,  Handsome  Cloth.     With  Numerous  Plates.     255. 

THE  HEAT  EFFICIENCY  OF  STEAM  BOILERS 

(LAND,    MARINE,    AND    LOCOMOTIVE). 

BY   BRYAN   DONKIN,   M.INST.C.E. 

GENERAL  CONTENTS. — Classification  of  Different  Types  of  Boilers. — 425  Experiments  on 
English  and  Foreign  Boilers  with  their  Heat  Efficiencies  shown  in  Fifty  Tables. — Fire 
Grates  of  Various  Types. — Mechanical  Stokers. — Combustion  of  Fuel  in  Boilers. — Trans- 
mission of  Heat  through  Boiler  Plates,  and  their  Temperature. —  Feed  Water  Heaters, 
Superheaters,  Feed  Pumps,  &c.— Smoke  and  its  Prevention.- -Instruments  used  in  Testing 
Boilers. — Marine  and  Locomotive  Boilers. — Fuel  Testing  Stations. — Discussion  of  the  Trials 
and  Conclusions. — On  the  Choice  of  a  Boiler,  and  Testing  of  Land,  Marine,  and  Locomotive 
Boilers. — Appendices. — Bibliography. — INDEX. 

"  Probably  the  MOST  EXHAUSTIVE  resume'  that  has  ever  been  collected.  A  PRACTICAL 
BOOK  by  a  thoroughly  practical  man." — Iron  and  Coal  Trades  Review. 
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FOURTH  EDITION,  Revised.     Pocket-Size,  Leather,  12s.  6d. 

BOILERS,  MARINE  AND  LAND; 

THEIR  CONSTRUCTION  AND  STRENGTH. 

A  HANDBOOK  OF  RULES,  FORMULAE,  TABLES,  &c.,  RELATIVE  TO  MATERIALS, 
SCANTLINGS,  AND  PRESSURES,  SAFETY  VALVES,  SPRINGS, 

FITTINGS  AND  MOUNTINGS,  &o. 

FOR  THE  USE  OF  ENGINEERS,  SURVEYORS,  BOILER-MAKERS, 
AND  STEAM  USERS. 

BY  T.   W.   TRAILL,   M.  INST.  0.  E.,    F.  E.  R.  N., 

Late  Engineer  Surveyor-in-Chief  to  the  Board  of  Trade. 

"Contains  an  ENORMOUS  QUANTITY  OF  INFORMATION  arrranged  in  a  very  convenient  form.  .  . 
A  MOST  USEFUL  VOLUME    .    .    .    supplying  information  to  be  had  nowhere  else."— The  Engineer. 

FIFTH  EDITION.      Large  Crown  8vo.      With  numerous 
Illustrations.    6s.  net. 

ENGINE-ROOM    PRACTICE: 

A  Handbook  for  Engineers  and  Officers  in  the  Royal  Navy  and  Mercantile 

Marine,  including  the  Management  of  the  Main  and  Auxiliary 

Engines  on  Board  Ship. 

BY  JOHN  G.  LIVERSIDGE,  R.K,  A.M.I.C.E. 

Contents.— General  Description  of  Marine  Machinery. — The  Conditions  of  Service  and 
Duties  of  Engineers  of  the  Royal  Navy. — Entry  and  Conditions  of  Service  of  Engineers  of 
the  Leading  S.S.  Companies. — Raising  Steam  —Duties  of  a  Steaming  Watch  on  Engines 
and  Boilers. — Shutting  off  Steam. —Harbour  Duties  and  Watches. — Adjustments  and 
aepairs  of  Engines.— Preservation  and  Eepairs  of  "Tank"  Boilers.— The  Hnll  and  its 
•Fittings.— Cleaning  and  Painting  Machinery.— Reciprocating  Pumps,  Feed  Heaters,  and 
Automatic  Feed  -  Water  Regulators.  —  Evaporators.  —  Steam  Boats.  —  Electric  Light 
Machinery. — Hydraulic  Machinery.— Air-Compressing  Pumps.— Refrigerating  Machines, 
— Machinery  of  Destroyers. — The  Management  of  Water-Tube  Boilers.— Regulations  for 
Entry  of  Assistant  Engineers,  R.N.— Questions  given  in  Examinations  for  Promotion  of 
Engineers,  R.N. — Regulations  respecting  Board  of  Trade  Examinations  for  Engineers,  &c. 

"  This  VEST  USEFUL  BOOK.  .  ,  .  ILLUSTRATIONS  are  of  GREAT  IMPORTANCE  in  a  work 
of  this  kind,  and  it  is  satisfactory  to  find  that  SPECIAL  ATTENTION  has  been  given  in  this 
respect."— Engineers'  Gazette. 

FIFTH  EDITION,  Thoroughly  Revised  and  Greatly  Enlarged. 
With  Numerous  Illustrations.     Price  10s.  6d. 

VALVES    AND   VALVE  -  GEARING  ! 

A  Practical  Text-booh  for  the  use  of  Engineers,  Draughtsmen,  and  Students. 
BY  CHARLES  HURST,  PRACTICAL  DRAUGHTSMAN. 


PART  I.— Steam  Engine  Valves. 
PART  II.— Gas   Engine   Valves    and 
Gears. 


PART  III.— Air  Compressor  Valves  and 

Gearing. 
PART  IV.— Pump  Valves. 


"Ma.  HUBST'S  VALVES  and  VALVE-GEAEING  will  prove  a  very  valuable  aid,  and  tend  te  the 
production  of  Engines  of  SCIENTIFIC  DKSIGN  and  ECONOMICAL  WORKING.  .  .  .  Will  be  largely 
sought  after  by  Students  and  Designers."— Marine  Engineer. 

"  As  a  practical  treatise  on  the  subject,  the  book  stands  without  a  rival."—  Mechanical 
World. 

Hints  on  Steam  Engine  Design  and  Construction.  By  CHARLES 
HURST,  "Author  of  Valves  and  Valve  Gearing."  SECOND  EDITION, 
Revised.  In  Paper  Boards,  8vo.,  Cloth  Back.  Illustrated.  Price 
Is.  6d.  net. 

CONTENTS.— I.  Steam  Pipes.— II.  Valves.— III.  Cylinders.—  IV.  Air  Pumps  and  Con- 
densers.—V.  Motion  Work.— VI.  Crank  Shafts  and  Pedestals.— VII.  Valve  Gear.— VIII. 
'Lubrication.— IX.  Miscellaneous  Details  —INDEX. 

"  A  handy  volume  which  every  practical  young  engineer  should  possess."— The  Model 
Engineer. __ 
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SECOND  EDITION,  Revised.      With  numerous  Plates  reduced  from 
Working  Drawings  and  280  Illustrations  in  the  Text.     21s. 

A      MANUAL     OF 

LOCOMOTIVE    ENGINEERING  £ 

A  Practical  Text-Book  for  the  Use  of  Engine  Builders, 

Designers  and  Draughtsmen,  Railway 

Engineers,  and  Students. 

BY  WILLIAM  FRANK  PETTIGREW,  M.lNST.C.E. 

With  a  Section  on  American  and  Continental  Engines. 

BY  ALBERT   F.    RAYENSHEAR,    B.Sc., 

Of  His  Majesty's  Patent  Office. 

Contents.  —  Historical  Introduction,  1763-1863.  — Modern  Locomotives:  Simple. — 
Modern  Locomotives:  Compound.-  Primary  Consideration  in  Locomotive  Design.— 
Cylinders,  Steam  Chests,  and  Stuffing  Boxes.— Pistons,  Piston  Rods,  Crossheads,  and? 
•«lide  Bars.— Connecting  and  Coupling  Bods.— Wheels  and  Axles,  Axle  Boxes,  Hornblocks, 
aud  Bearing  Springs.— Balancing.— Valve  Gear.— Slide  Valves  and  Valve  Gear  Details. — 
Framing,  Bogies  aud  Axle  Trucks,  Radial  Axle  Boxes.— Boilers.— tmokebcx.  Blast  Pipe, 
Firebox  Fittings.— Boiler  Mountings.— Tenders.-  Railway  Brakes.  — Lubrication.— Con- 
sumption of  Fuel,  Evaporation  and  Engine  Efficiency.— American  Locomotives.— Con- 
tinental Locomotives.—  Repairs,  Running,  Inspection,  and  Renewals.— Three  Appendices, 
—Index. 

"The  work  CONTAINS  ALL  THAT  CAN  BE  LEARNT  from  a  book  upon  such  a  subject.  It- 
will  at  once  rank  as  THE  STANDARD  WORK  UPON  THIS  IMPORTANT  SUBJECT."— Railway  Magazine. 


In  Large  8vo.     Fully  Illustrated.     8s.  6cl.  net. 

LOCOMOTIVE  COMPOUNDING  AND  SUPERHEATING, 

BY    J.    F.    GAIRNS. 

CONTENTS. — Introductory. — Compounding  and  Superheating  for  Locomotives. — A 
Classification  of  Compound  Systems  for  Locomotives. — The  History  and  Development  of 
the  Compound  Locomotive.  —  Two-Cylinder  Non-Automatic  Systems.  —  Two-Cylinder 
Automatic  Systems. — Other  Two-Cylinder  Systems. — Three-Cylinder  Systems. — Four- 
Cylinder  Tandem  Systems.— Four-Cylinder  Two-Crank  Systems  (other  than  Tandem).— 
1'our-Cylinder  Balanced  Systems. — Four-Cylinder  Divided  and  Balanced  Systems. — 
Articulated  Compound  Engines.— Triple-Expansion  Locomotives.— Compound  Rack 
Locomotives. — Concluding  Remarks  Concerning  Compound  Locomotives. — The  "Use  of 
Superheated  Steam  for  Locomotives.— INDEX. 

"A  welcome  addition  to  the  library  of  the  railway  engineer."— Engineering  Times. 


In  Large  8vo.     Handsome  Cloth.      With  Plates  and  Illustrations.     16s. 

JLIGHT        RAILWAYS 

AT  HOME  AND  ABROAD. 
BY   WILLIAM   HENRY   COLE,   M.IxsT.O.E., 

Late  Deputy-Manager,  North- Western  Railway,  India. 

Contents. — Discussion  of  the  Term  "Light  Railways." — English  Railways,. 
Rates,  and  Farmers.  —  Light  Railways  in  Belgium,  France,  Italy,  other 
European  Countries,  America  and  the  Colonies,  India,  Ireland.— Road  Trans- 
port as  an  alternative. — The  Light  Railways  Act.  1896. — The  Question  of 
Gauge. — Construction  and  Working. — Locomotives  and  Rolling-Stock. — Light 
Railways  in  England,  Scotland,  and  Wales. — Appendices  and  Index. 

"  "Will  remain,  for  some  time  yet  a  STANDARD  WOKK  in  everything  relating  to  Light 
Railways. ' '— Engineer. 

"The  whole  subject  is  EXHAUSTIVELY  and  PRACTICALLY  considered.  The  work  can  be 
cordially  recommended  as  INDISPENSABLE  to  those  whose  duty  it  is  to  become  acquainted 
with  one  of  the  prime  necessities  of  the  immediate  future." — Railway  Official  Gazette. 
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In  Crown  8vo.     Handsome  Cloth.     Fully  Illustrated.     6s.  net. 

PRACTICAL  CALCULATIONS  FOR  ENGINEERS. 

BY     CHARLES     E.     LARARD, 

A.M.Inst.C.E.,  M.I.Mech.E.,  Wh.Exh., 
Head  of  the  Mechanical  Engineering  Department  at  the  Northampton  Institute,  London,  E.G. 

AND    H.    A.    GOLD  ING,    A.M.I.Mech.E. 

CONTENTS. — SECTION  I. — Contracted  Methods  of  Calculation. — Technical  Mensura- 
tion.—Practical  Calculation  by  Logarithms.— The  Slide  Rule  and  its  Applications.— 
Squared  Paper  and  its  Uses.  SECTION  II.— Pulleys  and  Wheels  in  Train.— Speed  Ratios 
and  Practical  Examples.— Principle  of  Moments  Applied  to  Practical  Problems.— Work 
and  Power. — Energy  and  Speed  Fluctuations.— Transmission  of  Work  through  Machines. 
—Friction  and  Efficiency.— Transmission  of  Power.— Shafting.— Motion  on  a  Circle.— 
Momentum,  Acceleration,  and  Force  Action.  SECTION  III.— Temperature  Scales.— Units 
of  Heat.— Specific  Heat.— Heat  and  Work.— Heat  Value  of  Fuels.— Heat  Losses  in  Engine 
and  Boiler  Plant. — Properties  of  Steam. — Moisture  and  Dryness  Fraction. — Steam  and 
Fuel  Calculations.— Boiler  Efficiency.— Size  of  Boiler.— Engine  Calculations.— Power, 
Indicated  and  Brake. — Calculations  for  Dimensions. — Steam  Consumption  and  Willans 
Law.— Efficiencies,  Comparative  Costs  of  Power  Production.— Commercial  Efficiency. 
SECTION  IV. — The  Commercial  side  of  Engineering. — Calculation  of  Weights. — Division 
of  Costs,  Material  and  Labour,  Shop  Charges  and  Establishment  Charges.— Estimates.— 
Profit. — Use  of  Squared  Paper  in  the  Estimating  Department  and  to  the  General 
Management. 

"Exactly  what  it  should  be  in  order  to  make  it  useful  to  students  and  practitioners  of 
engineering. "—Manchester  Guardian. 

SIXTH  EDITION.     Folio,  strongly  half-bound,  2is. 

TRAVERSE      TABLES: 

Computed  to  Four  Places  of  Decimals  for  every  Minute  of  Angle 

up  to  100  of  Distance. 
For  the  Use  of  Surveyors  and  Engineers. 

BY    RICHARD    LLOYD    GURDEN, 

Authorised  Surveyor  for  the  Governments  of  New  South  Wales  and  Victoria. 

%*  Published  with  the  Concurrence  of  the  Surveyors- General  for  New  South 
Wales  and  Victoria. 

"Those  who  have  experience  in  exact  SURVEY-WORK  will  best  know  how  to  appreciate 
the  enormous  amount  of  labour  represented  by  this  valuable  book.  The  computations 
enable  the  user  to  ascertain  the  sines  and  cosines  for  a  distance  of  twelve  miles  to  within  - 
half  an  inch,  and  this  BY  REFERENCE  TO  BUT  ONE  TABLE,  in  place  ot  the  usual  Fifteen 
minute  computations  required.  This  alone  is  evidence  of  the  assistance  which  the  Tables 
ensure  to  every  user,  and  as  every  Surveyor  in  active  practice  has  felt  the  want  of  such 
assistance  FEW  KNOWING  OF  THEIR  PUBLICATION  WILL  REMAIN  WITHOUT  THEM." 

— Engineer 


Strongly  Bound  in  Super  Royal  8vo.      Cloth  Boards.      7s.  6d.  net. 


For  Calculating-  Wages  on  the  Bonus  or  Premium  Systems. 

For  Engineering,  Technical  and  Allied  Trades. 
BY   HENRY    A.    GOLDING,    A.M.I.MECH.E., 

Technical  Assistant  to  Messrs.  Bryan  Donkin  and  Clench,  Ltd.,  and  Assistant  Lecturer 
in  Mechanical  Engineering  at  the  Northampton  Institute,  London,  E.C. 

"Cannot  fail  to  prove  practically  serviceable  to  those  for  whom  they  have  been- 
designed." — Scotsman. 
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SECOND  EDITION.     Large  8vo,  Handsome  Cloth.     With 
Illustrations,  Tables,  &c.     21s.  net. 

Lubrication  &  Lubricants: 

A  Treatise  on  the  Theory  and  Practice  of  Lubrication,  and  on  the 
Nature,  Properties,  and  Testing  of  Lubricants. 

BY  AND 

XEONARD  ARCHBUTT,  F.T.C.,  F.C.S.,  R.  M.  DEELEY,  M.I.Mech.E.,  F.G.S. 

Chemist  to  the  Mid.  Ry.  Co.  Chief  Loco.  Super.,  Mid.  Ry.  Co. 

CONTENTS.— I.  Friction  of  Solids.— II.  Liquid  Friction  or  Viscosity,  and  Plastic 
Friction.— III.  Superficial  Tension.— IV.  The  Theory  of  Lubrication.— V.  Lubricants, 
their  Sources,  Preparation,  and  Properties.— VI.  Physical  Properties  and  Methods  of 
Examination  of  Lubricants.— VII.  Chemical  Properties  and  Methods  of  Examination 
.^of  Lubricants.— VIII.  The  Systematic  Testing  of  Lubricants  by  Physical  and  Chemical 
Methods.— IX.  The  Mechanical  Testing  of  Lubricants.— X.  The  Design  and  Lubrication 
of  Bearings.— XI.  The  Lubrication  of  Machinery.— INDEX. 

"Contains  practically  ALL  THAT  is  KNOWN  on  the  subject.     Deserves  the  careful 
.  attention  of  all  Engineers."— Railway  Official  Gazette. 


FOURTH  EDITION.     Very  fully  Illustrated.     Cloth,  4s.  6d. 

STEAM  -  BOI  LERS: 

THEIR    DEFECTS,    MANAGEMENT,    AND    CONSTRUCTION, 
BY    R.    D.    MUNRO, 

Chief  Engineer  of  the  Scottish  Boiler  Insurance  and  Engine  Inspection  Company, 
"A  valuable  companion  for  workmen  and  engineers  engaged  about  Steam  Boilers,  ought 
•to  be  carefully  studied,  and  ALWAYS  AT  HAND."— Coll.  Guardian. 


BY  THE  SAME  AUTHOR. 

KITCHEN    BOILER    EXPLOSIONS:    Why 

they  Occur,  and  How  to  Prevent  their  Occurrence.    A  Practical  Handbook 
based  on  Actual  Experiment.     With  Diagram  and  Coloured  Plate.     35. 

In   Crown  Svo,    Cloth.     Fully  Illustrated.     $s.  net. 

EMERY    GRINDING    MACHINERY, 

.A  Text-Book  of  Workshop  Practice  in  General  Tool  Grinding,  and  the 
Design,  Construction,  and  Application  of  the  Machines  Employed. 

BY  R.  B.  HODGSON,  A.M.INST.MECH.E. 

"  Eminently  practical    .     .     .     cannot  fail  to  attract  the  notice  of  the  users  of  this  class  of 
machinery,  and  to  meet  with  careful  perusal." — Chem.  Trade  Journal. 


FIFTH  EDITION.     In  Two  Parts,  Published  Separately. 
A    TEXT-BOOK    OF 

Engineering  Drawing  and  Design. 

-»Y  SIDNEY  H.  WELLS,  Wn.Sc.,  A.M.I.C.E.,  A.M.LMEcn.E. 
VOL.  I. — PRACTICAL  GEOMETRY,  PLANE,  AND  SOLID.     4s.  6d. 
VOL.  II. — MACHINE  AND  ENGINE  DRAWING  AND  DESIGN.    4s.  6d. 

With  many  Illustrations,  specially  prepared  for  the   Work,  and  numerous 
Examples,  for  the  Use  of  Students  in  Technical  Schools  and  Colleges. 

"  A  CAPITAL  TBXT-BOOK,  arranged  on  an  BXCBLLBNT  SYSTEM,  calculated  to  give  an  intelligent 
,1-igraap  of  the  subject,  and  not  the  mere  faculty  of  mechanical  copying.  .  .  .  Mr.  Wells  show* 
;  Eow  to  make  COMPLBTB  WOBKING-DBAWINGS,  discussing  fully  each  step  in  the  design."— Electrical 
Review 
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ENGINEERING  AND  MECHANICS. 


IN  THREE  PARTS.    Crown  8vo,  Handsome  Cloth.    Very  Fully  Illustrated. 

MOTOR-CAR  MECHANISM  AND   MANAGEMENT. 

BY   W.    POYNTER   ADAMS,  M.lNST.E.E. 
PART  I.—  THE  PETROL  CAR.     53.  net. 

SECOND  EDITION.     With  important  new  Appendix,  illustrating  and  defining  parts 

of  actual  cars  in  use. 

Contents.—  SECTION  I.—  THE  MECHANISM  OF  THE  PETROL  CAR.—  The  Engine.— 
The  Engine  Accessories.  —  Electrical  Ignition  and  Accessories.  —  Multiple  Cylinder  Engines. 
—The  Petrol.—  The  Chassis  and  Driving  Gear.—  SECTION  II.—  THE  MANAGEMENT  OF  THE 
PETROL  CAR.  —  The  Engine.  —  The  Engine  Accessories.  —  Electrical  ignition.  —  The  Chassis 
and  Driving  Gear.  —  General  Management.  —  APPENDIX.  —  GLOSSARY.  —  INDEX. 

"Should  be  carefully  studied  by  those  who  have  anything  to  do  with  motors."  —  Auto- 
mobile and  Carriage  Builders'  Journal. 

PART  II.-ELECTRICAL  AND   PETROL  ELECTRICAL 

MOTOR   CARS.  {Ready  Shortly. 

PART  III.-THE  STEAM  CAR.      [In  Preparation. 


In  Large  8vo.     Handsome  Cloth.     Very  Fully  Illustrated.     18s.  net. 
A     MANUAL     O  F 

PETROL  MOTORS  AND  MOTOR-CARS. 

Comprising  the  Designing,  Construction,  and   Working  of  Petrol  Motors. 
By    F.    STRICKLAND. 

GENERAL  CONTENTS.— PART  I. :  ENGINES.— Historical.— Power  Required.— General 
Arrangement  of  Engines.— Ignition. —Carburettors.  — Cylinders,  Pistons,  Valves,  &c.— 
Crank  Shafts,  Crank  Chambers,  Cams,  Runners,  Guides,  Ac. —Pumps.  — Flywheels.— 
Pipe  Arrangements. — Silencers. — Engine  Control,  Balancing. — Motor  Cycle  Engines. — 
Marine  Motors.— Two-Cycle  Motors.— Paraffin  Carburettors.— Gas  Producers.  PART 
II.:  CARS. — General  Arrangements. — Clutches.  —  Transmission.  —  Differential  Gears. — 
Universal  Joints.— Axles.  —  Springs.  —  Radius  Rods.  —  Brakes.  —  Wheels.  —  Frames.  — 
Steering  Gear. — Radiator.  —  Steps,  Mudguards,  Bonnets,  &c. —  Lubrication.  —  Ball 
Bearings.— Bodies.— Factors  of  Safety.— Calculations  of  Stresses.— Special  Change  Speed 
Gears. — Special  Cars. — Commercial  Vehicles. — Racing  Cars. — INDEX. 

"Thoroughly  practical  and  scientific.  .  .  .  We  have  pleasure  in  recommending  it  to  all." 
—Mechanical  Engineer. 

In  Large  Svo.     Cloth.     Fully  Illustrated.     10s.  6d.  net. 

THE    PROBLEM    OP    PLIGHT, 

BY    HERBERT    CHATLEY,   B.Sc.(ENG.),    LONDON, 

Lecturer  in  Applied  Mechanics,  Portsmouth  Technical  Institute. 

CONTENTS.— The  Problem  of  Flight.  — The  Helix  — The  Aeroplane.  —  The  Aviplane.— 
Dirigible  Baloons.— Form  and  Fittings  of  the  Airship.— APPENDICES  (The  Possibility  of 
Flight,  Weight,  A  Flexible  Wing,  Iheory  of  Balance,  Bibliography).— INDEX. 

"  An  epitome  of  the  knowledge  available  on  the  subject."— Scotsman. 


In  Crown  Svo,     Handsome  Cloth.     With  105  Illustrations.     5s.  net. 

MECHANICAL    ENGINEERING 

FOR    BEGINNERS. 

BY    R.    S.    M'LAREN. 

CONTENTS.— Materials.— Bolts  and  Nuts,  Studs,  Set  Screws.— Boilers.— Steam  Raising 
Accessories.— Steam  Pipes  and  Valves.— The  Steam  Engine.— Power  Transmission.— 
Condensing  Plant.— The  Steam  Turbine.— Electricity.— Hydraulic  Machinery.— Gas  and 
Oil  Engines. — Strength  of  Beams,  and  Useful  Information. — INDEX. 

"The  best  of  its  kind  we  have  seen,  and  should  be  in  the  hands  of  every  apprentice." 
— Steamship. 
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WORKS     BY 
ANDREW  JAMIESON,  M.lNST.C.E.,  M.I.E.E,  F.R.S.E., 

Formerly  Professor  of  Electrical  Engineering,  The  Glas.  and  W.  of  Scot.  Tech.  Coll. 

PROFESSOR  JAMIESON'S  ADVANCED  TEXT-BOOKS. 

In  Large.  Crown  £vo.     Fully  Illustrated. 

STEAM  AND  STEAM-ENGINES,  INCLUDING  TURBINES 

AND  BOILERS.     For  the  Use  of  Engineers  and  for  Students  preparing 
for  Examinations.     With  800  pp. ,  over  400  Illustrations,  1 1  Plates,  many 
B.  of  E.,  C.  and  G.,  Questions  and  Answers,  and  all  Inst.  C.E.  Exams, 
on  Theory  of  Heat  Engines.     FIFTEENTH  EDITION,  Revised.     IDS.  6d. 
"  The  BEST  BOOK  yet  published  for  the  use  of  Students." — Engineer. 

APPLIED  MECHANICS  &  MECHANICAL  ENGINEERING. 

Including  All  the  Inst.  C.E.  Exams,  in  (i)  Applied  Mechanics ; 
(2)  Strength  and  Elasticity  of  Materials ;  (3a)  Theory  of  Structures  ; 
(ii)  Theory  of  Machines;  Hydraulics.  Also  B.  of  E. ;  C.and  G.  Questions. 
Vol.  I. — Comprising  568  pages,  300  Illustrations,  and  Questions : 
Part  I.,  The  Principle  of  Work  and  its  Applications;  Part  II.:  Friction, 
Lubrication  of  Bearings,  &c. ;  Different  kinds  of  Gearing  and  their  Appli- 
cations to  Workshop  Tools,  &c.  SIXTH  EDITION. 

"  FULLY   MAINTAINS  the  reputation  of  the  Author." — Pract.  Engineer. 

Vol.  II. — Comprising  Parts  III.  to  VI.,  with  over  800  pages,  371  Illus- 
trations ;  Motion  and  Energy,  Theory  of  Structures  or  Graphic  Statics ; 
Strength    and    Elasticity    of    Materials  ;     Hydraulics    and    Hydraulic 
Machinery.     FIFTH  EDITION.     123.  6d. 
*'WELL  AND  LUCIDLY  WRITTEN." — The  Engineer. 

*%*  Each  of  the  above  -volumes  is  complete  in  itself,  and  sold  separately. 


PROFESSOR  JAMIESON'S  INTRODUCTORY  MANUALS 

Crown  8v0.      With  Illustrations  and  Examination  Papers. 

STEAM    AND    THE    STEAM-ENGINE    (Elementary 

Manual  of).     For  First- Year  Students,  forming  an  Introduction  to  the 
Author's  larger  Work.    ELEVENTH  EDITION,  Revised  and  Enlarged.  3/6. 
"  Should  be  in  the  hands  of  EVERY  engineering  apprentice." — Practical  Engineer. 

MAGNETISM  AND  ELECTRICITY  (Practical  Elementary 

Manual  of).    For  First- Year  Students.    With  Stud.  Inst.C.  E.  and  B.  of  E. 
Exam.  Questions.     SEVENTH  EDITION,  Revised  and  Enlarged.     3/6. 
"  A  THOROUGHLY  TRUSTWORTHY  Text-book.     PRACTICAL  and  clear."— Nature. 

APPLIED    MECHANICS    (Elementary    Manual   of). 

For  First-Year  Students.     With  B.  of  E.,  C.  and  G. ;  and  Stud.  Inst.  C.E. 
Questions.     EIGHTH  EDITION,  Revised  and  Greatly  Enlarged.     3/6. 
"  The  work  has  VERY  HIGH  QUALITIES,  which  may  be  condensed  into  the  one  word 
'  CLEAR.'  " — Science  and  Art. 


A  POCKET-BOOK  of  ELECTRICAL  RULES  and  TABLES. 

For  the  Use  of  Electricians  and  Engineers.  By  JOHN  MUNRO,  C.E., 
and  Prof.  JAMIESON.  Pocket  Size.  Leather,  8s.  6d.  EIGHTEENTH 
EDITION.  [See  p.  49  General  Catalogtie. 

IONDON:  CHARLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  STREET,  STRAND. 


ENGINEERING  AND  MECHANICS.  35 

WORKS  BY  I.  J.  MACQUORN  RANKINE,  LL.D.,  F.R.S. 

Thoroughly  Revised  by  W.  J.  MILLAR,  C.E. 


A  MANUAL  OF  APPLIED   MECHANICS  :  Comprising  the 

Principles  of  Statics  and  Cinematics,  and  Theory  of  Structures, 
Mechanism,  and  Machines.  With  Numerous  Diagrams.  Crown  8vo,' 
Cloth.  SEVENTEENTH  EDITION.  12s.  6d. 


A  MANUAL  OF  CIVIL  ENGINEERING  :  Comprising  Engin- 
eering Surveys,  Earthwork,  Foundations,  Masonry,  Carpentry,  Metal 
Work,  Roads,  Railways,  Canals,  Rivers,  Waterworks,  Harbours,  &c. 
With  Numerous  Tables  and  Illustrations.  Crown  8vo,  Cloth! 
TWENTY-THIRD  EDITION.  16s. 


A  MANUAL  OF  MACHINERY  AND  MILLWORK :  Com- 
prising the  Geometry,  Motions,  Work,  Strength,  Construction,  and 
Objects  of  Machines,  &c.  With  nearly  300  Illustrations.  Crown 
8vo,  Cloth.  SEVENTH  EDITION.  12s.  6d. 


A    MANUAL     OF    THE    STEAM-ENGINE    AND    OTHER 

PRIME    MOVERS.       With    a    Section    on  GAS,    OIL,    and    AIR 

ENGINES,   by   BRYAN  DONKIN,  M.InstC.E.  With   Folding  Plates 

and   Numerous   Illustrations.      Crown    8vo,  Cloth.      SEVENTEENTH 
EDITION.     12s.  6d. 

USEFUL  RULES  AND  TABLES :  For  Architects,  Builders, 
Engineers,  Founders,  Mechanics,  Shipbuilders,  Surveyors,  &c.  With 
APPENDIX  for  the  use  of  ELECTRICAL  ENGINEER?.  By  Professor 
JAMIESON,  M.Inst. O.E.,  M.I.E.E.  SEVENTH  EDITION.  10s.  6d. 


A  MECHANICAL  TEXT -BOOK:  A  Practical  and  Simple 
Introduction  to  the  Study  of  Mechanics.  By  Professor  RANKINE 
and  E.  F.  BAMBER,  C.E.  With  Numerous  Illustrations.  Crown 
8vo,  Cloth.  FIFTH  EDITION.  9s. 

***  The  "  MECHANICAL  TEXT-BOOK  "   was  detigned  by  Professor  BANKINE  at  an  INTRO- 
DUCTION to  the  above  Series  of  Manuals. 


MISCELLANEOUS  SCIENTIFIC  PAPERS.  Part  I.  Tempera- 
ture, Elasticity,  and  Expansion  of  Vapours,  Liquids,  and  Solids. 
Part  II.  Energy  and  its  Transformations.  Part  III.  Wave-Forms, 
Propulsion  of  Vessels,  &o.  With  Memoir  by  Professor  TAIT,  M.A. 
With  fine  Portrait  on  Steel,  Plates,  and  Diagrams.  Royal  8vo. 
Cloth.  31s.  6d. 

"  No  more  enduring  Memorial  of  Professor  Rankine  could  be  devised  than  the  publica- 
tion of  these  papers  in  an  accessible  form.  .  .  .  The  Collection  is  most  valuable  or 
account  of  the  nature  of  his  discoveries,  and  the  beauty  and  completeness  of  his  analysis. " 
— Architect. 
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THIRD  EDITION,  Thorotighly  Revised  and  Enlarged.      With  60  Plates  and1 
Numerous  Illustrations.     Handsome  Cloth.     345. 

HYDRAULIC   POWER 


AND 


HYDRAULIC   MACHINERY. 


BY 


HENRY    ROBINSON,    M.    INST.    C.E.,   F.G.S., 

FELLOW  OF  KING'S   COLLEGE,    LONDON;   PROF.    EMERITUS  OK   CIVIL   ENGINEERING, 
KING'S  COLLEGE,   ETC.,   ETC. 


CONTENTS  —Discharge  through  Orifices.— Flow  of  Water  through  Pipes.— Accumulators. 
— Presses  and  Lifts. — Hoists. — Rams. — Hydraulic  Engines. — Pumping  Engines. — Capstans. 
—  Traversers. — Jacks. — Weighing  Machines. — Riveters  and  Shop  Tools.  —  Punching, 
Shearing,  and  Flanging  Machines.  —  Cranes. — Coal  Discharging  Machines.  —  Drills  and. 
Cutters. — Pile  Drivers,  Excavators,  &c. — Hydraulic  Machinery  applied  to  Bridges,  Dock 
Gates,  Wheels  and  Turbines. — Shields.  —  Various  Systems  and  Power  Installations  — 
Meters,  &c.— INDEX. 

"The  standard  work  on  the  application  of  water  power." — Gassier  x  Magazine. 


Second  Edition,  Greatly  Enlarged.      With  Frontispiece,  several 
Plates,  and  over  250  Illustrations.     21s.  net. 

THE  PRIHCIPLES  AHD  CONSTRUCTION  OF 

PUMPING  MACHINERY 

(STEAM  AND  WATER   PRESSURE). 

With  Practical  Illustrations  of  ENGINES  and  PUMPS  applied  to  MINING,, 

TOWN  WATER  SUPPLY,  DRAINAGE  of  Lands,  &c.,  also  Economy 

and  Efficiency  Trials  of  Pumping  Machinery. 

BY    HENRY    DAYEY, 

Member  of  the  Institution  of  Civil  Engineers,  Member  of  the  Institution  of 
Mechanical  Engineers,  F.G.S.,  Ac. 

CONTENTS  — Early  History  of  Pumping  Engines — Steam  Pumping  Engines— 
Pumps  and  Pump  Valves — General  Principles  of  Non-Rotative  Pumping, 
Engines— The  Cornish  Engine,  Simple  and  Compound— Types  of  Mining 
Engines— Pit  Work— Shaft  Sinking— Hydraulic  Transmission  of  Power  in 
Mines — Electric  Transmission  of  Power — Valve  Gears  of  Pumping  Engines 
—  Water  Pressure  Pumping  Engines  —  Water  Works  Engines  —  Pumping 
Engine  Economy  and  Trials  of  Pumping  Machinery — Centrifugal  and  other 
Low-Lift  Pumps— Hydraulic  Earns,  Pumping  Mains,  &c.— INDEX. 

"By  the  'one  English  Engineer  who  probably  knows  more  about  Pumping  Machinery 

than   ANT    OTHER.'      .      .      .      A.    VOLUME    RECORDING    THE    RESULTS    OF  LONG  EXPERIENCE  AND 

STUDY."— The  Engineer. 

"  Undoubtedly  THE  BEST  AND  MOST  PRACTICAL  TREATISE  on  Pumping  Machinery  THAT  HAS 
YET  BEEN  PUBLISHED."— Mining  Journal. 
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AT  PRESS.     In  Large  Svo.     Handsome  Cloth.     Profusely  Illustrated. 

IN  Two  VOLUMES,  Each  Complete  in  itself,  and 

SOLD  SEPARATELY. 

THE     DESI 


AND 

CONSTRUCTION    OF    SHIPS. 

BY  JOHN   HARVARD   BILES,   M.lNST.N.A., 

Professor  of  Naval  Architecture  in  Glasgow  University. 

CONTENTS  OP  VOLUME  I.—  PART  I.  :  General  Considerations.—  Methods  of  Determin- 
ation of  the  Volume  and  Centre  of  Gravity  of  a  known  Solid.  —  Graphic  Rules  for 
Integration.—  Volumes  and  Centre  of  Gravity  of  Volumes.—  Delineation  and  Descriptive 
Geometry  of  a  Ship's  Form.  —  Description  and  Instances  of  Ship's  Forms.  —  Description 
of  Types  of  Ships.  PAET  II.  :  Calculation  of  Displacement,  Centre  of  Buoyancy  and 
Areas.  —  Metacentres.  —  Trim.  —  Coefficients  and  Standardising.  —  Results  of  Ship  Calcula- 
tions. —  Instruments  Used  to  Determine  Areas,  Moments,  and  Moments  of  Inertia  of 
Plane  Curves.—  Cargo  Capacities  —Effects  on  Draught,  Trim,  and  Initial  Stability  due 
to  Flooding  Compartments.  —  Tonnage.  —  Freeboard.  —  Launching.  —  Application  of  the 
Integraph  to  Ship  Calculations.  —  Straining  due  to  Unequal  Longitudinal  Distribution 
of  Weight  and  Buoyancy.—  Consideration  of  Stresses  in  a  Girder.—  Application  of  Stress 
Formula;  to  the  Section  of  a  Ship.  —  Shearing  Forces  and  Bending  Moments  on  a  Ship 
amongst  Waves.—  Stresses  on  the  Structure  when  Inclined  to  the  Upright  or  to  the 
Line  of  Advance  of  the  Waves.  —  Distribution  of  Pressure  on  the  Keel  Blocks  of  a 
Vessel  in  Dry  Dock.—  Consideration  of  Compression  in  Ship  Structure. 


BY    PROFESSOR    BILES. 

LECTURES   ON   THE   MARINE   STEAM   TURBINE. 

With  131  Illustrations.      Price  6s.  net 
See  page  28. 

Royal  8uo,  Handsome  Cloth.     With  numerous  Illustrations  and  Tables.    258. 

THE   STABILITY  OF   SHIPS, 

BY 
SIR  EDWARD   J.   REED,    K.C.B.,   F.R.S.,   M.P., 

TMIGHT   OF    THE    IMPERIAL    ORDERS    OF    ST.    STANILAUS    OF    RUSSIA  J    FRANCIS    JOSEPH     0» 

AUSTRIA  ;    MBDJIDIK    OF    TURKEY ;    AND    RISING    SUN    OF    JAPAN ;    VICB- 

PRESIDBNT   OF  THE   INSTITUTION   OF   NAVAL  ARCHITECTS. 

"  Sir  EDWARD  REED'S  '  STABILITY  OF  SHIPS  '  is  INVALUABLE.  The  NAVAL  ARCHITECT 
will  find  brought  together  and  ready  to  his  hand,  a  mass  of  information  which  he  would  other- 
wise have  to  seek  in  an  almost  endless  variety  of  publications,  and  some  of  which  he  would 
possibly  not  be  able  to  obtain  at  all  elsewhere." — Steamship. 

LONDON :  CHARLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  STREET,  STRAND, 
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WORKS     BY     THOMAS     WALTON, 

NAVAL     ARCHITECT. 


FOURTH    EDITION.      Illustrated  with  Plates,  Numerous  Diagrams,  and 
Figures  in  the  Text. 

STEEL     SHIPS: 

THEIR    CONSTRUCTION    AND     MAINTENANCE. 

A  Manual  for  Shipbuilders,  Ship  Superintendents,  Students, 
and  Marine  Engineers. 

BY   THOMAS   WALTON,   NAVAL   ARCHITECT, 

AUTHOR    OF     "  KNOW    YOUR    OWN    SHIP." 

CONTENTS. — I.  Manufacture  of  Cast  Iron,  Wrought  Iron,  and  Steel. — Com- 
position of  Iron  and  Steel,  Quality,  Strength,  Tests,  &c.  II.  Classification  of 
Steel  Ships.  III.  Considerations  in  making  choice  of  Type  of  Vessel. — Framing 
of  Ships.  IV.  Strains  experienced  by  Ships. — Methods  of  Computing  and 
Comparing  Strengths  of  Ships.  V.  Construction  of  Ships. — Alternative  Modes 
of  Construction. — Types  of  Vessels. — Turret,  Self  Trimming,  and  Trunk 
Steamers,  &c. — Rivets  and  Rivetting,  Workmanship.  VI.  Pumping  Arrange- 
ments. VII.  Maintenance. — Prevention  of  Deterioration  in  the  Hulls  of 
Ships.— Cement,  Paint,  &c.— INDEX. 

"  So  thorough  and  weil  written  is  every  chapter  in  the  book  that  it  is  difficult  to  select 
any  of  them  as  being  worthy  of  exceptional  praise.  Altogether,  the  work  is  excellent,  and 
will  prove  of  great  value  to  those  for  whom  it  is  intended."— The  Engineer. 


In  Handsome  Cloth.      Very  fully  Illustrated.     7s.  6d.  net. 

PRESENT-DAY  SHIPBUILDING. 

For  Shipyard  Students,  Ships'  Officers,  and  Engineers. 

BY  THOS.   WALTON. 

GENERAL  CONTENTS.— Classification. —Materials  used  in  Shipbuilding. — 
Alternative  Modes  of  Construction. — Details  of  Construction. — Framing, 
Plating,  Rivetting,  Stem  Frames,  Twin-Screw  Arrangements,  Water 
Ballast  Arrangements,  Loading  and  Discharging  Gear,  &c. — Types  of 
Vessels,  including  Atlantic  Liners,  Cargo  Steamers,  Oil  carrying  Steamers, 
Turret  and  other  Self  Trimming  Steamers,  &c.  — INDEX. 

"Simple  language  .  .  .  clear  and  easily  followed  illustrations."  —  Times 
Engineering  Supplement. 

"  We  heartily  recommend  it  to  all  who  have  to  do  with  ships."— Steamship. 


NINTH  EDITION.     Illustrated.     Handsome  Cloth,  Crown  8vo.     7s.  6d. 

The  Chapters  on  Tonnage  and  Freeboard  have  been  brought  thoroughly 
up  to  date,  and  embody  the  latest  (1906)  Board  of  Trade  Regulations  on 
these  subjects. 

KNOW    YOUR    OWN    SHIP, 

BY  THOMAS  WALTON,  NAVAL  ARCHITECT. 
Specially  arranged  to  suit  the  requirements  of  Ships'  Officers,  Shipowners, 

Superintendents,  Draughtsmen,  Engineers,  and  Others, 
CONTENTS.  —  Displacement  and  Deadweight.  —  Moments.  —  Buoyancy.  —  Strain.  — 
Structure.  —  Stability.  —  JEtolling.  —  Ballasting.  —  Loading.— Shifting  Cargoes.— Effect  of 
Admission  of  Water  into  Ship.— Trim  Tonnage.— Freeboard  (Load-line).— Calculations.— 
Set  of  Calculations  from  Actual  Drawings.— INDEX. 

"  The  work  is  of  the  highest  value,  and  all  who  go  down  to  the  sea  in  ships  should  make  them- 
selves acquainted  with  it." '—Shipping  World  (on  the  new  edition). 

LONDON:  CHARLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  STREET,  STRAND, 
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GRIFFIN'S    NAUTICAL    SERIES. 

EDITED    BY     EDW.     BLACKMORE, 

Master  Mariner,  First  Class  Trinity  House  Certificate,  Assoc.  Inst.  N.A. ; 

AND  WRITTEN,  MAINLY,  by  SAILORS  for  SAILORS. 


"THIS  ADMIRABLE  SERIES."— Fdirplav.  '  A  VERY  USEFUL  SERIES."— 

"EVERY  SHIP  should  have  the  WHOLE  SERIES  as  a  REFERENCE  LIBRARY.    HAND- 
€OMELY  BOUND,  CLEARLY  PRINTED  and  ILLUSTRATED."— Liverpool  Journ.  of  Commerce. 


The  British  Mercantile  Marine :  An  Historical  Sketch  of  its  Rise 

and  Development.    By  the  EDITOR,  CAPT.  BLACKMORE.    3s.  6d. 

"  Captain  Blackmore  s  SPLENDID  BOOK  .  .  .  contains  paragraphs  on  every  point 
of  Interest  to  the  Merchant  Marine.  The  243  pages  of  this  book  are  THE  MOST  VALU- 
ABLE to  the  sea  captain  that  have  EVER  been  COMPILED."— Merchant  Service  Review. 

Elementary  Seamanship.  By  D.  WILSON-BARKER,  Master  Mariner, 
F.R.S.E.,  F.R.GLS.  With  numerous  Plates,  two  in  Colours,  and  Frontispiece. 
FOURTH  EDITION,  Thoroughly  Revised.  With  additional  Illustrations.  6s. 
"This  ADMIRABLE  MANUAL,  by  CAPT.  WILSON  BARKER,  of  the  'Worcester,' 

'to  us  PERFECTLY  DESIGNED."— Athenaeum. 


KnOW  Your  Own  Ship  :  A  Simple  Explanation  of  the  Stability,  Con- 
struction, Tonnage,  and  Freeboard  of  Ships.    By  THOS.  WALTON,  Naval  Architect. 
NINTH  EDITION.    7s.  6d. 
"MR.  WALTON'S  book  will  be  found  VERY  USEFUL."— The  Engineer. 


Navigation :  Theoretical  and  Practical.     By  D.  WILSON-BABKKR 

and  WILLIAM  ALLINGHAM.   SECOND  EDITION,  Revised.   3s.  6d. 
"PRECISELY  the  kind  of  work  required  for  the  New  Certificates  of  competency. 
Candidates  will  find  it  INVALUABLE."— Dundee  Advertiser. 


Marine    Meteorology  I    For    Officers    of    the    Merchant   Navy.       By 
WILLIAM  ALLINGHAM,  First  Class  Honours,  Navigation,  Science  and  Art  Department. 
With  Illustrations  and  Maps,  and  facsimile  reproduction  of  log  page.    7s.  6<L 
"Quite  the  BEST  PUBLICATION  on  this  subject."— Shipping  Gazette. 

Latitude  and  Longitude :  How  to  find  them.    By  W.  J.  MILLAR, 

C.E.    SECOND  EDITION,  Revised.    2s. 

"Cannot  but  prove  an  acquisition  to  those  studying  Navigation." — Marine  Engineer. 

Practical    Mechanics  :    Applied   to  the   requirements  of  the   Sailor. 

By  THOS.  MACKENZIE,  Master  Mariner,  F.R.A.S.    THIRD  EDITION,  Revised.   3s.  6d. 
"  WELL  WORTH  the  money  .    .    .  EXCEEDINGLY  HELPFUL."— Shipping  World. 

Trigonometry :  For  the  Young  Sailor,  &c.     By  RICH.  C.  BUCK,  of  the 

Thames  Nautical  Training  College,  H.M.S.  "  Worcester."    THIRD  EDITION,  Revised. 

Price  3s.  6d. 

"  This  EMINENTLY  PRACTICAL  and  reliable  volume."— Schoolmaster. 


Practical  Algebra.      By  RICH.  C.  BUCK.     Companion  Volume  to  the 

above,  for  Sailors  and  others.    SECOND  EDITION,  Revised.    Price  3s.  6d. 

"  It  is  JUST  THE  BOOK  for  the  young  sailor  mindful  of  progress."— Nautical  Magazine. 


The  Legal  Duties  of  Shipmasters.    By  BENEDICT  WM.  GINSBURG, 

M.A.,  LL.D.,  of  the  Inner  Temple  and  Northern  Circuit:  Barrister-at-Law.    SECOND 

EDITION,  Thoroughly  Revised  and  Enlarged.    Price  4s.  6d. 

"  INVALUABLE  to  masters.    .    .    .    We  can  fully  recommend  it  '—Shipping  Gazette. 

A  Medical  and  Surgical  Help  for  Shipmasters.    Including  First 

Aid  at  Sea.    By  WM.  JOHNSON  SMITH,  F.R.C.S.,  Principal  Medical  Ofilcer,  Seamen's 
Hospital,  Greenwich.    THIRD  EDITION,  Thoroughly  Revised     6s. 

"SOUND,  JUDICIOUS,  REALLY  HELPFUL."— 2Vk?  Lancet. 

10NDON :  CHARLES  GRIFFIN  &  CO,,  LIMITED,  EXETER  STREET,  STRAND. 
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GRIFFIN'S   NAUTICAL  SERIES. 

Introductory   Volume.     Price  8s.  6d. 
T  HE 

British  Mercantile  Marine. 

BY  EDWARD    BLACKMORE, 

MASTER  MARINER;  ASSOCIATE  OF  THE  INSTITUTION  OF  NAVAL  ARCHITECTS; 

MEMBER  OF  THE  INSTITUTION  OF  ENGINEERS  AND  SHIPBUILDERS 

IN  SCOTLAND;  EDITOR  OF  GRIFFIN'S  "NAUTICAL  SERIES." 

GENERAL  CONTENTS.— HISTORICAL  :  From  Early  Times  to  1486— Progress 
under  Henry  VIII. — To  Death  of  Mary — During  Elizabeth's  Reign — Up  to 
the  Reign  of  William  III.— The  18th  and  19th  Centuries— Institution  of 
Examinations  —  Rise  and  Progress  of  Steam  Propulsion  —  Development  off 
Free  Trade— Shipping  Legislation,  1862  to  1875— " Locksley  Hall"  Case- 
Shipmasters'  Societies— Loading  of  Ships— Shipping  Legislation,  1884  to  1894— 
Statistics  of  Shipping.  THE  PERSONNEL  :  Shipowners — Officers — Mariners — 
Duties  and  Present  Position.  EDUCATION  :  A  Seaman's  Education :  what  ife 
should  be — Present  Means  of  Education — Hints.  DISCIPLINE  AND  DUTY — 
Postscript — The  Serious  Decrease  in  the  Number  of  British  Seamen,  a  Matter 
demanding  the  Attention  of  the  Nation. 

"INTERESTING  and  INSTRUCTIVE  .  .  .  may  be  read  WITH  PROFIT  and  ENJOYMENT."— 
Glasgow  Herald. 

"EVERY  BRANCH  of  the  subject  is  dealt  with  in  a  way  which  shows  that  the  writwr 
4  knows  the  ropes '  familiarly. " — Scotsman. 

"This  ADMIRABLE  book  .  .  .  TEEMS  with  useful  information— Should  be  in  th» 
hands  of  every  Sailor." — Western  Morning  News. 


FOURTH  EDITION,  Thoroughly  Revised.     With  Additional 
Illustrations.     Price  6s. 


IL.    OF 

ELEMENTARY    SEAMANSHIP. 

BY 
D.  WILSON-BARKER,  MASTER  MARINER;  F.R.S.E.,  F.R.G.S.,  &c.,  &o. 

YOUNGER  BROTHER  OF  THE  TRINITY  HOUSE. 

With  Frontispiece,  Numerous  Plates  (Two  in  Colours),  and  Illustration! 

in  the  Text. 

GENERAL  CONTENTS.—  The  Building  of  a  Ship;  Parts  of  Hull,  Masts, 
Ac.—  Ropes,  Knots,  Splicing,  &c.  —  Gear,  Lead  and  Log,  &c.  —  Rigging, 
Anchors  —  Sailmaking  —  The  Sails,  &c.  —  Handling  of  Boats  under  bail  — 
Signals  and  Signalling—  Rule  of  the  Road—  Keeping  and  Relieving  Watch- 
Points  of  Etiquette—  Glossary  of  Sea  Terms  and  Phrases—  Index. 

***  The  -volume  contains  the  NEW  RULES  OF  THE  ROAD. 

"  This  ADMIRABLE  MANUAL,  by  GAIT.  WILSON-BASKER  of  the  l  Worcester,'  seems  to  u» 
PERFECTLY  DESIGNED,  and  holds  its  place  excellently  in  '  GRIFFIN'S  NAUTICAL  SERIES.  '  .  .  . 
Although  intended  for  those  who  are  to  become  Officers  of  the  Merchant  Navy,  it  will  he- 
found  useful  by  ALL  YACHTSMEN.  "—Athtnseum, 

%*  For  complete  List  of  GRIFFIN'S  NAUTICAL  SERIES,  see  p.  39. 

LONDON  :  CHARLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  STREET,  STRAND. 
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GRIFFIN'S  NAUTICAL  SERIES. 

SECOND  EDITION,  Revised  and  Illustrated.     Price  8s.   6d. 

NAVIGATION: 

AND 


BY  DAVID  WILSON-BARKER,  R.N.R.,  F.R.S.E.,  <fea,  &o., 

AND 

WILLIAM   ALLINGHAM, 

FIEST-CLASS  HONOURS,   NAVIGATION,  SCIENCE  AND  ART  DEPARTMENT. 

Tlditb  "Numerous  Illustrations  and  Examination  (Questions, 

GENERAL  CONTENTS.  —  Definitions  —  Latitude  and  Longitude  —  Instruments 
of  Navigation  —  Correction  of  Courses  —  Plane  Sailing  —  Traverse  Sailing  —  Day's 
Work  —  Parallel  Sailing  —  Middle  Latitude  Sailing  —  Mercator's  Chart— 
Mercator  Sailing—  Current  Sailing—  Position  by  Bearings—  Great  Circle  Sailing 
—  The  Tides  —  Questions  —  Appendix  :  Compass  Error  —  Numerous  Useful  Hints. 
Ac.  —  Index. 

"  PBECISELY  the  kind  of  work  required  for  the  New  Certificates  of  competency  in  grades 
from  Second  Mate  to  extra  Master.  .  .  .  Candidates  will  find  it  INVALUABLE."—  Dundee 
Advertiser. 

•  UA  CAPITAL  LITTLE  BOOK  .  .  .  specially  adapted  to  the  New  Examinations.  The 
Authors  are  CAPT.  WILSON-BARKER  (Captain-Superintendent  of  the  Nautical  College,  H.M.S. 
*  Worcester,'  who  has  had  great  experience  in  the  highest  problems  of  Navigation),  and 
MB.  ALLINGHAM,  a  well-known  writer  on  the  Science  of  Navigation  and  Nautical  Astronomy.  " 
—Skipping  World. 


Handsome  Cloth.     Fully  Illustrated.     Price  78.  6d. 

MARINE    METEOROLOGY, 

FOR  OFFICERS  OF  THE  MERCHANT  NAVY. 
By   WILLIAM   ALLINGHAM, 

Joint  Author  of  "Navigation,  Theoretical  and  Practical." 

With  numerous  Plates,  Maps,  Diagrams,  and  Illustrations,  and  a  facsimile 
Reproduction  of  a  Page  from  an  actual  Meteorological  Log-Book. 

SUMMARY   OF   CONTENTS. 

INTRODUCTORY.— Instruments  Used  at  Sea  for  Meteorological  Purposes.— Meteoro- 
logical Log-Books.— Atmospheric  Pressure.— Air  Temperatures.— Sea  Temperatures.— 
Winds. — Wind  Force  Scales. — History  of  the  Law  of  Storms. — Hurricanes,  Seasons,  and 
Storm  Tracks.— Solution  of  the  Cyclone  Problem.— Ocean  Currents.— Icebergs.— Syn- 
chronous Charts. — Dew,  Mists,  Fogs,  and  Haze. — Clouds. — Rain,  Snow,  and  Hail. — 
Mirage,  Rainbows,  Coronas,  Halos,  and  Meteors.— Lightning,  Corposants,  and  Auroras.— 
-QUESTIONS.— APPENDIX.— INDEX. 

"  Quite  the  BEST  publication,  AND  certainly  the  MOST  INTEBESTING,  on  this  subject  ever 
.presented  to  Nautical  men."— Shipping  Gazette. 

%*  For  Complete  List  of  GRTFFIN'S  NAUTICAL  SERIES,  see  p.  39. 
LONDON:  CHARLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  STREET,  STRAND- 


4a  CHARLES  GRIFFIN  *  GO.'S  PUBLICATIONS, 

GRIFFIN'S    NAUTICAL   SERIES. 

THIRD  EDITION,  REVISED.     With  Numerous  Illustrations.     Price  3s.  6d.. 

PRACTICAL    MECHANICS: 

Applied  to  the  Requirements  of  the  Sailor. 

BY  THOS.  MACKENZIE,  Master  Mariner,  F.E.A.S. 

GENERAL  CONTENTS.— Resolution  and  Composition  of  Forces— Work  dote 
by  Machines  and  Living  Agents — The  Mechanical  Powers :  The  Lever ; 
Derricks  as  Bent  Levers — The  Wheel  and  Axle  :  Windlass  ;  Ship's  Capstan ; 
Crab  Winch— Tackles :  the  "Old  Man"— The  Inclined  Plane;  the  Screw— 
The 'Centre  of  Gravity  of  a  Ship  and  Cargo  —  Relative  -Strength  of  Rope  : 
Steel  Wire,  Manilla,  Hemp,  Coir — Derricks  and  Shears—  Calculation  of  the 
Cross-breaking  Strain  of  tfir  Spar — Centre  of  Effort  of  Sails — Hydrostatics: 
the  Diving-bell ;  Stability  of  Floating  Bodies  ;  the  Ship's  Pump,  &c. 

"  WELL  WORTH  the  money  .  .  .  will  be  found  EXCEEDINGLY  HELPFUL.*' — 
Shipping  World. 

"  No  SHIPS'  OFFICERS'  BOOKCASE  will  henceforth  be  complete  without 
CAPTAIN  MACKENZIE'S  '  PRACTICAL  MECHANICS.  '  Notwithstanding  my  many* 
years'  experience  at  sea,  it  has  told  me  how  much  more  there  is  to  acquire."— 
(Letter  to  the  Publishers  from  a  Master  Mariner). 

WORKS  BY  RICHARD  C.  BUCK, 

of  the  Thames  Nautical  Training  College,  H.M.S.  '  Worcester.' 

A  MANUAL   OF  TRIGONOMETRY: 

With  Diagrams,  Examples,  and  Exercises.    Price  8s.  6d. 

THIRD  EDITION,  Revised  and  Corrected. 

%*  Mr.  Buck's  Text-Book  has  been  SPECIALLY  PREPARED  with  a  view 
to  the  Examinations  of  the  Board  of  Trade,  in  which  Trigonometry- 
is  an  obligatory  subject. 

"This  EMINENTLY  PRACTICAL  and  RELIABLE  VOLUME." — School  master . 

A  MANUAL  OF  ALGEBRA. 

Designed  +o  meet  the  Requirements  of  Sailors  and  others. 
SECOND  EDITION,  Revised.     Price  3s.  6d. 

V  These  elementary  works  on  ALGEBRA  and  TRIGONOMETRY  are  written  specially  for 
those  who  will  have  little  opportunity  of  consulting  a  Teacher.  They  are  books  for  "  SELF- 
HELP."  All  but  the  simplest  explanations  have,  therefore,  been  avoided,  and  ANSWERS  ta 
the  Exercises  are  given.  Any  person  may  readily,  by  careful  study,  become  master  of  their 
contents,  and  thus  lay  the  foundation  for  a  further  mathematical  course,  if  desired.  It  is 
hoped  that  to  the  younger  Officers  of  our  Mercantile  Marine  they  will  be  found  decidedly 
serviceable.  The  Examples  and  Exercises  are  taken  from  the  Examination  Papers  set  for 
the  Cadets  of  the  "Worcester." 

"Clearly  arranged,  and  well  got  up.  ...  A  first-rate  Elementary  Algebra."— 
Nautical  Magazine. 

SECOND  EDITION,  Revised.     With  Diagrams.     Price  2s. 

LATITUDE  AND  LONGITUDE ;  How  to  Find  them. 

BY    W.   J.    MILLAR,   C.E., 

Late  Secretary  to  the  Inst.  of  Engineers  and  Shipbuilders  in  Scotland. 
"  CONCISELY  and  CLEARLY  WRITTEN   .    .    .    cannot  but  prove  an  acquisition 
to  those  studying  Navigation." — Marine  Engineer. 

"  Young  Seamen  will  find  it  HANDY  and  USEFUL,  SIMPLE  and  CLEAR."—  The 
Engineer. 

VFor  complete  List  of  GRIFFIN'S  NAUTICAL  SERIES,  see  D.  39. 

LONDON:  CHARLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  STREET,  STRAND. 
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GRIFFIN'S    NAUTICAL    SERIES. 

SECOND  EDITION,  Revised  and  Extended.     In  Crown  8vo.     Price  4s.  6d. 

THE  LEGAL  DUTIES  OF  SHIPMASTERS. 

BY  BENEDICT  WM.  GINSBURG,  M.A.,  LL.D.  (CANTAB.), 

Of  the  Inner  Temple  and  Northern  Circuit ;  Barrister-at-Law. 

General  Contents.— The  Qualification  for  the  Position  of  Shipmaster— The  Con- 
tract with  the  Shipowner— The  Master's  Duty  in  respect  of  the  Crew  :  Engagement ; 
Apprentices;  Discipline;  Provisions,  Accommodation,  and  Medical  Comforts  ;  Payment 
of  Wages  and  Discharge— The  Master's  Duty  in  respect  of  the  Passengers— The  Master's 
Financial  Responsibilities — The  Master's  Duty  in  respect  of  the  Cargo — The  Master's 
Duty  in  Case  of  Casualty— The  Master's  Duty  to  certain  Public  Authorities— The 
Master's  Duty  in  relation  to  Pilots,  Signals,  Flags,  and  Light  Dues — The  Master's  Duty 
upon  Arrival  at  the  Port  of  Discharge— Appendices  relative  to  certain  Legal  Matters : 
Board  of  Trade  Certificates,  Dietary  Scales,  Stowage  of  Grain  Cargoes,  Load  Line  Regula- 
tions, Life-saving  Appliances,  Carriage  of  Cattle  at  Sea,  Ac.,  &c.— Copious  Index. 

"  No  intelligent  Master  should  fail  to  add  this  to  his  list  of  necessary  books.  A  few  lines 
of  it  may  SAVE  A  LAWYER'S  FEE,  BESIDES  ENDLESS  WORBY."— Liverpool  Journal  of  Commerce. 

FIRST   AID    AT   SEA. 

THIRD  EDITION,  Revised.     With  Coloured  Plates  and  Numerous  Illustra- 
tions, and  comprising  the  latest  Regulations  Respecting  the  Carriage 
of  Medical  Stores  on  Board  Ship.     Price  6s. 

A  MEDICAL  AND  SURGICAL  HELP 

FOR  SHIPMASTERS  AND  OFFICERS 

IN    THE    MERCHANT   NAVY. 

BY     WM.      JOHNSON      SMITH,     F.R.O.S., 

Principal  Medical  Officer,  Seamen's  Hospital,  Greenwich. 

%*  The  attention  of  all  interested  in  our  Merchant  Navy  is  requested  to  this  exceedingly 
useful  and  valuable  work.  It  is  needless  to  say  that  it  is  the  outcome  of  many  years 
PRACTICAL  EXPERIENCE  amongst  Seamen. 

"SOUND,  JUDICIOUS,  REALLY  HELPFUL." — The  Lancet. 

NINTH  EDITION.    Revised,  with  Chapters  on  Trim,  Buoyancy,  and  Calcula- 
tions. Numerous  Illustrations.  Handsome  Cloth,  Crown  Svo.  Price  7s.  6d. 

KNOW    YOUR    OWN    SHIP, 

BY   THOMAS   WALTON,  NAVAL  ARCHITECT. 

Specially  arranged  to  suit  the  requirements  of  Ships'  Officers,  Shipowners, 
Superintendents,  Draughtsmen,  Engineers,  and  Others. 

This  work  explains,  in  a  simple  manner,  such  important  subjects  as :— Displacement.— 
Deadweight.— Tonnage. — Freeboard.  —Moments.  —  Buoyancy.— Strain.— Structure. — Stab- 
ility.— Soiling.— Ballasting.  —  Loading.  —  Shifting  Cargoes.  —  Admission  of  Water.— Sail 
Area— &c.  .  .  . 

"  The  little  book  will  be  found  EXCEEDINGLY  HANDY  by  most  officers  and  officials  connected 
with  shipping.  .  .  .  Mr.  Walton's  work  will  obtain  LASTING  SUCCESS,  because  of  its  unique 
fitness  for  those  for  whom  it  has  been  written."— Shippiny  World. 


BY    THE    SAME    AUTHOR. 

STEEL  SHIPS:   Their  Construction  and  Maintenance, 

(See  page  38.) 
%*  For  Complete  List  of  GBIFFIN'S  NAUTICAL  SERIES,  see  p.  39. 
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44  CHARLES  GRIFFIN  &   GO:S  PUBLICATIONS. 

SIXTEENTH    EDITION,     Thoroughly    Revised.       Large    8vo,    Cloth. 

pp.   i-xxiv  +  712.       With   250    Illustrations,    reduced  from 

Working  Drawings,  and  8  Plates.     21s.  net. 

A    MANUAL    OP 

MARINE   ENGINEERING: 

COMPRISING   THE   DESIGNING,  CONSTRUCTION,  AND 
WORKING  OF   MARINE  MACHINERY. 

By  A.E.  SEATON,  M.I.C.E.,  M.I.Meeh.E.,  M.I.N.A. 

GENERAL  CONTENTS.  —  PART  I. — Principles  of  Marine  Propulsion. 
PART  II.  —  Principles  of  Steam  Engineering.  PART  III. —  Details  of 
Marine  Engines  :  Design  and  Calculations  for  Cylinders,  Pistons,  Valves, 
Expansion  Valves,  &c.  PART  IV.— Propellers.  PART  V. — Boilers. 
PART  VI. — Miscellaneous. 

"The  Student,  Draughtsman,  and  Engineer  will  find  this  work  the  MOST  VALUABLE 
HANDBOOK  of  Reference  on  the  Marine  Engine  now  in  existence." — Marine  Engineer. 


NINTH  EDITION,  Thoroughly  Revised.     Pocket-Size,  Leather.     8s.  6d. 
A   POCKET-BOOK    OF 

MARINE  ENGINEERING  ROLES  AND  TABLES, 

FOR   THE   USE   OF 

Marine  Engineers,  Naval  Architects,  Designers,  Draughtsmen, 
Superintendents  and  Others. 

By  A.  E.  SEATON,  M.I.O.E.,  M.I.Meeh.E.,  M.I.N.A., 

AND 

H.  M.  ROUNTHWATTE,  M.LMech.E.,  M.I.N.A. 

"  The  best  book  of  its  kind,  and  the  information  is  both  up-to-date  and  reliable."— 
Engineer. 

In  Large  8vo.     Handsome  Cloth.     Fully  Illustrated. 
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And  other  Competing  Instruments  for  Marine  Propulsion. 
BY    A.    E.    SEATON,    M.lNsx.C.E.,    M.LMECH.E.,   M.I.N.A. 


In   Pocket   Size.      With  368   Pages.      3s.    6d.    net. 
ENGLISH-SPANISH  and  SPANISH-ENGLISH. 
TERMS    AND     PHRASES. 

BY  FLEET-PAYMASTER  GRAHAM-HEWLETT. 

1  Most  complete    .    .    .    useful    .    .    .    we  can  heartily  recommend  it.  "—Steamship. 


In  Crown  Svo.     Handsome  Cloth.     Many  Diagrams. 

DEFINITIONS  IN  NAVIGATION  AND  NAUTICAL  ASTRONOMY. 

BY    P.    GROVES-SHOWELL, 

Head  of  the  Navigation  Department,  L.C.C.  School,  Poplar. 

This  Volume  consists  of  Explanatory  Diagrams,  together  with  Description  of  all  Instruments 
used,  and  Tables  of  Weights  and  Measures,  and  Formula  jor  Determination  of  Areas  and  Volumes. 
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WORKS  BY  PROF.  ROBERT  H.  SMITH,  Assoe.M.I.C.E., 

M.LMech.E.,  M.I.E1.E.,  M.LMin.E.,  Whit.  Sch.,  M.Ord.Meiji.,  Em.  Prof,  of  Eng. 


SECOND  EDITION,  Revised.     In  Crown  8vo,  extra,  with  Diagrams 
and  Folding- Plate.     7s.  6d.  net. 

THE     CALCULUS     FOR     ENGINEERS 
AND     PHYSICISTS, 

INTEGRATION  AND  DIFFERENTIATION, 

With   Applications   to   Technical   Problems; 

AND 

CLASSIFIED  REFERENCE  LIST  OF  INTEGRALS. 
By  PROF.  ROBERT  H.  SMITH. 

"  PBOP.  R.  H.  SMITH'S  book  will  be  serviceable  in  rendering  a  hard  road  AS  BAST  AS  PEACTIC- 
JLBLE  for  the  non-mathematical  Student  and  Engineer."— Athenaeum. 

"  Interesting  diagrams,  with  practical  illustrations  of  actual  occurrence,  are  to  be  found  here 
in  abundance.  THB  VEKT  COMPLBTB  CLASSIFIED  REFERENCE  TABLE  will  prove  very  useful  In 
saving  the  time  of  those  who  want  an  integral  in  a  hurry."— The  Engineer. 

In   4toy  Boards.      7s.   6d. 

MEASUREMENT    CONVERSIONS 

(English    and    French) : 
43  GRAPHIC  TABLES  OR  DIAGRAMS,  ON  28  PLATES. 

Showing  at  a  glance  the  MUTUAL  CONVERSION  of  MEASUREMENTS 
in  DIFFERENT  UNITS 

<0?  Lengths,  Areas,  Volumes,  Weights,  Stresses,  Densities,  Quantities 

of  Work,  Horse  Powers,  Temperatures,  &c. 
For  the  use  of  Engineers,  Surveyors,  Architects,  and  Contractors. 
\*  Prof.  SMITH'S  CONVERSION-TABLES  form  the  most  unique  and  com- 
prehensive collection  ever  placed  before  the  profession.    By  their  use  much 
time  and  labour  will  be  saved,  and  the  chances  of  error   in   calculation 
diminished.     It  is  believed  that  henceforth  no  Engineer's  Office  will  be 
considered  complete  without  them. 


THIRD  EDITION.     Pocket.  Size,  Leather  Limp,  with  Gilt  Edges  and  Rounded  Corners, 
printed  on  Special    Thin  Paper,  with  Illustrations,  pp.  i-xii  -f-  834.    Price  18s.  net. 

(THE    NEW    "  NYSTROM  ") 
THE    MECHANICAL    ENGINEER'S    REFERENCE    BOOK 

A  Handbook  of  Tables,  Formula}  and  Methods  for  Engineers, 
Students  and  Draughtsmen. 

BY  HENRY  HARRISON  SUPLEE,  B.Sc.,  M.E. 

"  We  feel  sure  it  will  be  of  great  service  to  mechanical  engineers."— Engineering. 
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SECOND  EDITION.     In  Large  8vo.     Handsome  Cloth.     16s. 

CHEMISTRY    FOR    ENGINEERS. 

BY 

BERTRAM  BLOUNT,       AND  A.  G.  BLOXAM, 

F.I.C.,  F.C.8.,  A.I.C.E.  F.I.C.,  F.C.S. 

GENERAL  CONTENTS.— Introduction— Chemistry  of  the  Chief  Material* 
of  Construction— Sources  of  Energy— Chemistry  of  Steam-raising— Chemis- 
try of  Lubrication  and  Lubricants— Metallurgical  Processes  used  in  the 
Winning  and  Manufacture  of  Metals. 

"The  authors  have  SUCCEEDED  beyond  all  expectation,  and  have  produced  a  work  which 
should  give  FRESH  POWER  to  the  Engineer  and  Manufacturer." — The  Times. 


By  the  same  Authors,  "CHEMISTRY  FOR  MANUFACTURERS,"  see  p.  71 
General  Catalogue. 


THE    ELEMENTS    OF    CHEMICAL    ENGINEERING.     By 

J.  GROSSMANN,  M.A.,  Ph.D.,  F.I.C.  With  a  Preface  by  Sir 
WILLIAM  RAMSAY,  K.C.B.,  F.R.S.  In  Handsome  Cloth.  With 
nearly  50  Illustrations.  3s.  6d.  net.  [See  page  50. 


In  Demy  Quarto.     With  Diagrams  and  Worked  Problems. 
2s.  6d.  net. 

PROPORTIONAL    SET    SQUARES 

APPLIED  TO  GEOMETRICAL  PROBLEMS. 

BY  LIEUT. -CoL.  THOMAS   ENGLISH,  Late  Royal  Engineers. 


WORKS  BY  WALTER  R.  BROWNE,  MA,  M.lNST.C.E. 

THE  STUDENT'S  MECHANICS; 

An  Introduction  to  the  Study  of  Force  and  Motion. 

With  Diagrams.     Crown  8vo.     Cloth,  45.  6d. 

"  Clear  in  style  and  practical  in  method,  'THE  STUDENT'S  MECHANICS'  is  cordially  to  he- 
recommended  from  all  points  of  view. "— A  thenceum. 


FOUNDATIONS  OF  MECHANICS. 

Papers  reprinted  from  the  Engineer.     In  Crown  8vo,  is, 
Demy  8vo,  with  Numerous  Illustrations,  gs. 

FUEL    AND    WATER: 

A   Manual   for   Users   of  Steam   and  Water. 

BY    PROF.    FRANZ    SCHWACKHOFER  OF  VIENNA,   AND 
WALTER   R.    BROWNE,    M.A.,   C.E. 

GENERAL  CONTENTS. — Heat  and  Combustion — Fuel,  Varieties  of— Firing  Arrange  orients: 
Furnace,  Flues,  Chimney  —  The  Boiler,  Choice  of — Varieties — Feed-water  ti  eaters — 
Steam  Pipes— Water :  Composition,  Purification— Prevention  of  Scale,  £c.,  &c. 

"The  Section  on  Heat  is  one  of  the  best  and  most  lucid  ever  written."— Engineer, 
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AUTHORISED  ENGLISH  TRANSLATION. 

In  Large  8vo.     Cloth.     With  about  150  Illustrations  and  350  pages. 
A   MANUAL    OF 

THE  PRINCIPLES  OF  SEWAGE  TREATMENT. 

BY    PROF.    DUNBAR, 

Director  of  the  Institute  of  State  Hygiene,  Hamburg 

TRANSLATED  BY  HARRY   T.    CALVERT,  M.Sc.,  PH.D.,  F.I.C., 

Of  the  West  Riding  of  Yorkshire  Water  Board. 

***  Professor  Dunbar  presents  the  subject  in  a  logical  and  thoroughly  scientific 
manner,  and  deals,  not  only  with  German  conditions,  but  also  very  largely  with  those 
of  this  country  and  America,  many  of  the  admirable  illustrations  being  English  and 
American.  

Beautifully  Illustrated,   with  Numerous  Plates,    Diagrams,   and 
Figures  in  the  Text.     21s.  net. 

TRADES*    WASTE: 

ITS    TREATMENT    AND    UTILISATION. 

Handbook  for  Borough  Engineers,  Surveyors,  Architects,  and  Analysts. 
BY    W.     NAYLOR,    F.C.S.,    A.M.lNST.C.E., 

Chief  Inspector  of  Rivers,  Ribble  Joint  Committee. 

CONTENTS. — I.  Introduction. — II.  Chemical  Engineering. — III. — Wool  De-greasing 
and  Grease  Recovery.— IV.  Textile  Industries ;  Calico  Bleaching  and  Dyeing.— V.  Dyeing 
and  Calico-Printing. — VI.  Tanning  and  Fellmongery. — VII.  Brewery  and  Distillery 
Waste.— VIII.  Paper  Mill  Refuse.— IX.  General  Trades'  Waste.— INDEX. 

"There  is  probably  no  person  in  England  to-day  better  ntted  to  deal  rationally  with 
Buch  a  subject." — British  Sanitarian. 


In  Handsome  Cloth.     With  59  Illustrations.     6s.  net. 

SMOKE:     ABATEMENT. 

A  Manual  for  the  Use  of  Manufacturers,  Inspectors,  Medical  Officers  of 

Health,  Engineers,  and  Others. 
BY    WILLIAM    NICHOLSON, 

Chief  Smoke  Inspector  to  the  Sheffield  Corporation. 

CONTENTS.— Introduction.  — General  Legislation  against  the  Smoke  Nuisance.— 
Local  Legislation.— Foreign  Laws.— Smoke  Abatement.— Smoke  from  Boilers,  Furnaces, 
and  Kilns.  —  Private  Dwelling-House  Smoke.— Chimneys  and  their  Construction.— 
Smoke  Preventers  and  Fuel  Savers.  —  Waste  Gases  from  Metallurgical  Furnaces.  — 
Summary  and  Conclusions. — INDEX. 

"  We   welcome   such   an  adequate   statement  on    an  important  subject."—  British 
Medical  Journal. 

SECOND  EDITION.     In  Medium  8vo.     Thoroughly  Revised  and  Re-Written. 

155.  net, 

CALCAREOUS    CEMENTS: 

THEIR  NATURE,  PREPARATION.  AND  USES. 

"Witl-t.     soxrae     Remarks    upon.    Cement;     TP 

BY    GILBERT    R.    REDGRAVE,    Assoc.    INST.    C.E., 

Assistant  Secretary  for  Technology,  Board  of  Education,  South  Kensington, 

AND  CHARLES  SPACKMAN,  F.C.S. 

"We  can  thoroughly  recommend  it  as  a  first-class  investment." — Practical  Engineer. 
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ELECTRICAL    ENGINEERING. 

SECOND  EDITION,  Revised.     In  Large  Svo.     Handsome  Cloth.      Profusely 
Illustrated  with  Plates,  Diagrams,  and  Figures.     245.  net. 

CENTRAL  ELECTRICAL  STATIONS: 

Their  Design,  Organisation,  and  Management. 

BY  CHAS.  H.  WORDINGHAM,  A.K.C.,  M.lNST.C.E.,  M.INST.MECH.E., 

Late  Memb.  of  Council  Inst.E.E.,  and  Electrical  Engineer  to  the  City  of  Manchester  ; 

Electrical  Engineer-in-Chief  to  the  Admiralty. 

"  One  of  the  MOST  VALUABLE  CONTRIBUTIONS  to  Central  Station  literature  we  have  had 
•for  some  time.''— Electricity. 


In  Large  8vo.     Handsome  Cloth.     Profusely  Illustrated.     I2s.  6d.  net. 

ELECTRICITY    CONTROL. 

A  Treatise  on  Eleetrie  Switehgear  and  Systems  of  Electric  Transmission. 
BY     LEONARD    ANDREWS, 

Associate  Member  of  the  Institution  of  Civil  Engineers,  Member  of  the  Institution  of 
Electrical  Engineers,  &c 

General  Principles  of  Switehgear  Design.— Constructional  Details. — Circuit  Breakers  or 
Arc  Interrupting  Devices.— Automatically  Operated  Circuit  Breakers.— Alternating  Reverse 
Current  Devices.  —  Arrangement  of  'Bus  Bars,  and  Apparatus  for  Parallel  Running. — 
General  Arrangement  of  Controlling  Apparatus  for  High  Tension  Systems.  —  General 
Arrangement  of  Controlling  Apparatus  for  Low  Tension  Systems. — Examples  of  Complete 
Installations. — Long  Distance  Transmission  Schemes. 

"Not  often  does  the  specialist  have  presented  to  him  so  satisfactory  a  book  as  this.  .  .  . 
We  recommend  it  without  hesitation  to  Central  Station  Engineers,  and,  in  fact,  to  anyone 
interested  in  the  subject." — Power. 


Large  8vo,  Cloth,  with  334  Pages  and  307  Illustrations.     16s.  net. 

ELECTRICITY     METERS, 

BY   HENRY    G.    SOLOMON,   A.M. Inst.E.E. 

CONTENTS.  —  Introductory.  —  General  Principles  of  Continuous  -  Current 
Meters. — Continuous -Current  Quantity  Meters.— Continuous-Energy  Motor 
Meters. — Different  Types. — Special  Purposes,  i.e.,  Battery  Meters,  Switchboard 
Meters,  Tramcar  Meters.— General  Principles  of  Single-  and  Polyphase  Induc- 
tion Meters.  —  Single-phase  Induction  Meters. —  Polyphase  Meters. —  Tariff 
Systems. — Prepayment  Meters. — Tariff  and  Hour  Meters.— Some  Mechanical 
Features  in  Meter  Design.— Testing  Meters.— INDEX. 

"An  earnest  and  successful  attempt  to  deal  comprehensively  with  modern  methods  of 
-measuring  current  or  power  in  electrical  installations."— Engineering. 

In   Large   8vo.      Handsome   Cloth.      Fully  Illustrated. 

TRANSFORMERS. 

BY     HERMANN    BOHLE,     M.I.E.E., 

Prof,  of  Electrotechnics,  S.A.  College,  Cape  Town. 
EDITED  BY  DAVID  ROBERTSON",  B.Sc.,  A.I.E.E.,  OP  BRISTOL. 
CONTENTS.— General  Principles.— Magnetising  and   No-Load  Currents.— Losses  in 
Transformers. — Iron  Losses. — Copper  Losses.  -Temperature  Rise. — Magnetic  Leakage. — 
Leakage  Inductance.— Vector  Diagrams  for  Transformers.— Systematic  Testing  of  Trans- 
formers.— Insulating  Materials. — Examples  of  Construction. — Design  of  Transformers. — 
Applications  of  Transformers.— Regulating  and  Phase-Changing  Transformers.— INDEX. 
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In  Large  Crown  Svo.     Handsome  Cloth.     Fully  Illustrated. 

TELEGRAPHIC     SYSTEMS, 

AND    OTHER    NOTES. 

A  Handbook  of  the  Principles  on  which  Telegraphic  Practice  is  Based. 

BY   ARTHUR    CROTCH, 
Of  the  Engiueer-in-Chief  s  Department,  G.P.O. 

CONTENTS.— Batteries,  Primary  and  Secondary.  —  Universal  Battery  Working.— 
Duplex  Telegraphy.  — Duplex  and  Quadruple!  Telegraphy.  — Automatic  Telegraphy.— 
Multiplex  Telegraphy.— The  Hughes  Type  Printing  Instrument.— The  Baudot  System.— 
The  Murray  Type  Printing  Telegraph. — Test  and  Battery  Boxes.— Circuit  Concentration, 
&c.  —  Repeaters.  —  Submarine  Telegraphy.  —  Wireless  Telegraphy.  —  INDKX.  —  LIST  OP 
DIAGRAMS  OF  CONNECTIONS. 


In  Large  Svo.     Profusely  Illustrated.     8s.  6d.  net. 

WIRELESS    TELEGRAPHY, 

BY    GUSTAVE    EICHHORN,     PH.D. 

CONTENTS. — Oscillations. — Closed  and  Open  Oscillation  Systems. — Coupled 
Systems. — The  Coupling  Compensating  the  Aerial  Wire. — The  Receiver. — 
Comparative  Measurement  in  the  Sender. — Theoretical  Results  and  Calculations 
in  respect  of  Sender  and  Receiver. — Close-  and  Loose-Coupled  Sender  and 
Receiver. — Formulae.— The  Ondameter. — Modern  Apparatus  and  Methods  of 
Working.— Conclusion. — Bibliography. — INDEX. 

"Well  written  .  .  .  and  combines  with  a  good  deal  of  description  a  careful 
investigation  of  the  fundamental  theoretical  phenomena."— Nature. 


EIGHTEENTH  EDITION.     Leather,  Pocket  Size,  with  764  pages.     8s.  6d. 

A    POCKET-BOOK    OF 

ELECTRICAL   RULES    &  TABLES 

FOR  THE  USE  OF  ELECTRICIANS  AND  ENGINEERS. 

BY  JOHN  MUNRO,  C.E.,  &  PROF.  JAMIESON,  M.lNST.C.E.,  F.R.S.B. 

"WONDERFULLY  PERFECT.      .     .     .      Worthy  of  the  highest  commendation  we  can 
give  it." — Electrician. 


GRIFFIN'S  ELECTRICAL  PRICE-BOOK:  For  Electrical,  civil, 

Marine,  and  Borough  Engineers,  Local  Authorities,  Architects,  Railway 
Contractors,  &c.    Edited  by  H.  J.  DOWSING.    SECOND  EDITION.    8s.  6d. 


ELECTRIC    SMELTING   AND    REFINING.      By  Dr.   W.  BOUCHERS 
and  W.  G.  McMiLLAN.  [See  page  67  General  Catalogue. 

ELECTRO  -  METALLURGY,    A    Treatise     on.      By    WALTER    G. 
MCMILLAN,  F.I.C.,  F.C.S.  [See  page  67  General  Catalogue. 

ELECTRICAL  PRACTICE   IN  COLLIERIES.     By  D.  BURNS,  M.E., 
M.Inst.M.E.  [See  page  56  General  Catalogue. 

ELECTRICAL    SIGNALLING    IN    MINES.      By   GERALD    J.    HOOG- 
WINKEL,  M.I.E.E.,  &c.  [In  Active  Preparation. 
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THIRD  EDITION,  Revised,  Enlarged,  and  Re-issued.     Price  6s.  net. 
A   SHORT    MANUAL    OF 

INORGANIC     CHEMISTRY, 

BY    A.    DUPRE,   Ph.D.,  F.R.S., 
AND    WILSON    HAKE,  Ph.D.,  F.I.O.,  F.C.S., 

Of  the  Westminster  Hospital  Medical  School. 

"AN    EXAMPLE   OF   THK  ADVANTAGES  OF   THE    SYSTEMATIC   TREATMENT  of  a    Science 

over  the  fragmentary  style  so  generally  followed.     BY  A  LONG  WAY  THE  BEST  of  the  small 
Manuals  for  Students.1' — Analyst. 


In  Handsome  Cloth.    With  nearly  50  Illustrations.    3s.  6d.  net. 

THE    ELEMENTS    OF    CHEMICAL    ENGINEERING. 

BY  J.  GROSSMANN,  M.A.,  PH.D.,  F.LC 

WITH  A  PREFACE  BY 

SIB   WILLIAM    RAMSAY,    K.C.B.,    F.R.S. 

CONTENTS.— The  Beaker  and  its  Technical  Equivalents.— Distilling  Flasks,  Liebig's 
Condensers.— Fractionating  Tubes  and  their  Technical  Equivalents.— The  Air-Bath  and 
its  Technical  Equivalents. — The  Blowpipe  and  Crucible  and  their  Technical  Equivalents. 
—The  Steam  Boiler  and  other  Sources  of  Power.— General  Remarks  on  the  Application 
of  Heat  in  Chemical  Engineering. — The  Funnel  and  its  Technical  Equivalents. — The 
Mortar  and  its  Technical  Equivalents.— Measuring  Instruments  and  their  Technical 
Equivalents. — Materials  Used  in  Chemical  Engineering  and  their  Mode  of  Application. — 
Technical  Research  and  the  Designing  of  Plant.— Conclusion.— Chemicals  and  Materials. 
—INDEX. 

"  Excellent.  .  .  .  Every  student  of  chemistry  attending  a  technical  course  should 
obtain  a  copy.  '—Chemical  News. 


LABORATORY  HANDBOOKS   BY  A.   HUMBOLDT   SEXTON, 

Professor  of  Metallurgy  in  the  Glasgow  and  West  of  Scotland  Technical  College. 


OUTLINES    OF    QUANTITATIVE    ANALYSIS. 

FOR  THE  USE  OF  STUDENTS. 
With  Illustrations.     FIFTH  EDITION.     Crown  8vo,  Cloth,  3s. 

"  A  COMPACT  LABORATORY  GUIDE  for  beginners  was  wanted,  and  the  want  has 
been  WELL  SUPPLIED.     ...     A  good  and  useful  book." — Lancet. 


OUTLINES   OF   QUALITATIVE   ANALYSIS. 

FOR  THE  USE  OF  STUDENTS. 
With  Illustrations.    FOURTH  EDITION,  Revised.    Crown  8vo,  Cloth,  3s.  6d. 

"  The  work  of  a  thoroughly  practical  chemist. " — British  Medical  Journal. 
"  Compiled  with  great  care,  and  will  supply  a  want."— Journal  of  Education. 


ELEMENTARY    METALLURGY: 

Including    the  Author's  Practical  Laboratory   Course. 

[See  p.  66  General  Catalogue. 
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Inorganic  Chemistry, PROFS.  DUPRE  AND  HAKE,       .       .    70 

Analysis, PROF.  HUMBOLDT  SEXTON,       .       .    To 

Chemical  Engineering DR.  J.  GROSSMANN:    ....    46 

Chemistry, BLOUNT  AND  BLOXAM,      .       .      46, 71 

Foods  and  Poisons, A.  WYNTER  BLYTH,  ....    72 

Tables  for  Chemists, PROF.  CASTELL-EVAN-',      .  .    79 

Dairy  Chemistry,  &e.,        .       .       .       .  H.  D.  RICHMOND,      ....    73 
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